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Abstract 

This report describes the functions of the Tracking System Analytical Calibra- 
tion activity of the Deep Space Network in support of an entire mission and, in 
particular, the Mars encounter phase of the  marine^ Mars 1969 mission. The 
support functions encompass calibration of tracking data by estimating physical 
parameters whose uncertainties represent limitations to navigational accuracy; 
validation of the calibration data and utilization of these data during a mission; 
and detailed postflight analysis of tracking data to uncover and resolve any 
anomalies. Separate articles treat tracking system improvements presently under 
consideration and error source reductions that may be realizable for future mis- 
sions; solutions for Deep Space Stations locations; timing errors and polar motion; 
methods of correcting the tracking data for charged-particle effects (ionospheric 
corrections); and a model of tropospheric refraction. 
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Tracking System Analytic Calibration Description 
D. W. Trask and 6. D. Mulhall 

I. Introduction 

The Tracking System Analytical Calibration (TSAC) 
activity is a function of the Deep Space Network (DSN), 
the global tracking network established by the NASA 
Office of Tracking and Data Acquisition for two-way 
communications with unmanned spacecraft traveling 
from earth to interplanetary distances. The DSN, which 
operates under the system management and technical 
direction of the Jet Propulsion Laboratory (JPL), com- 
prises three main elements: the Deep Space Instrumen- 
tation Facility (DSIF), the Ground Communications 
Facility (GCF), and the Space Flight Operations Facility 
(SFOF). The tracking and data acquisition stations of the 
DSIF, identified as Deep Space Stations (DSS), are sitrt- 
ated so that three stations may be selected approximately 
120 cleg apart in longitude to provide contii~uous cover- 
age of distant spacecraft. The DSS serial designations 
and Iocations are listed in Table 1. 

Ground communications among the elements of the 
DSN are provided by GCF links consisting of voice, 
teletype, and high-speed-data circuits. 

The SFOF is the control center for DSN operations 
during the flight of a deep space probe. SFOF functions 
include controlling the spacecraft by generating and 
transmitting commands, computing trajectories, deter- 
mining the spacecraft orbit during the flight from range 
and doppler data obtained from the tracking and data 
acquisition stations, and processing the spacecraft te- 
lemetry data and data from space science experiments. 

The TSAC functions include the calibration of track- 
ing data by estimating physical parameters whose uncer- 
tainties represent limitations to navigational accuracy; 
validation of the calibration data and utilization of these 
data during a mission; and detailed postflight analysis 
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Table I .  Beep Space Statiom  cations 

B e e p  Spclce 

Complex (DSCC) 

Goldstone 

Tidbinbilla DSS 42 

- South Africa Johannesburg DSS 51 

Madrid Spain Robledo DSS 61 

Cebreros DSS 6 2  

Canberra 

Hamilton and Melbourne (Ref. 2) showed that the 
information contained in a single pass of cIoppler data, 
the velocity parallax, can be characterized by 

California 

f j  = + o , r , ~ ~  cos 8 sin (ate - AO), (1) 

where 

Australia 

i, = tracking station spacecraft range rate, 

Pioneer 

Echo 

j. = geocentric spacecraft range rate, 

w = mean rotation rate of the earth of date, 

r ,  = spin radius of the tracking station, 

6 = instantaneous declination of the spacecraft, 

DSS 11 

DSS 12 

Venus 

Mars 

Woomera 

t = time past meridian transit, 

DSS 13 

DSS 14 

DSS 41 

and 
of tracking data to uncover and resolve any anomalies 
that may exist. ,*t = w t ;  + a. + A* - a", 

This report describes the TSAC activities in support 
where 

of the entire mission and in particular the Mars encoun- 
ter phase of the Mariner Mars 1969 mission. This article t: = UT1,l 
summarizes the TSAC efforts and discusses tracking sys- 
ten1 improvements presently under consideration and = instantaneous right ascension of the mean sun, 
error source reductions that may be realizable for future 
missions. Subsequent articles discuss in more detail the A" = a priori value of station longitude, 
DSS locations solutions, timing errors and polar motion, 
methods of correcting the tracking data for charged- a* = a priori value of right ascension of the spacecraft, 

particle effects (ionospheric corrections), and the tropo- 
spheric refraction model. and 

II. The DSN as a Navigation Instrument where 
The determination of a deep space probe orbit and the 

consequent navigation of the probe depend primarily on EO = (Y - a*, the error in the a priori value of space- 
the use of doppler data obtained from transmitting a craft right ascension, 
radio signal t o  The spacecraft which is transponded-by 
the spacecraft and returned to the tracking station. This EX = A - A", the error in the a priori value of station 

longitude, 
permits the direct measurement of doppler, which repre- - - - 
sents the velocity of the probe with respect to the track- = t,' - t;,  the error in U T ~ .  
ing station. 

Figure 1 shows how this expression arises. The geo- 
J. Light (Ref. 1) shows that for a relatively short span centric range rate appears as a varying function 

of tracking data, the ability to determine the velocity of rn,)lich a sinusoidnl-likp pattern is superimposed dile 
a spacecraft after the burning of its orbit trim motor is 
unaffected by the po5itlon palallax or by gfavlly bexlding 

'Un~velsal Tiine 1 See evplanat~on of the  t h e e  types of trine used 
of the orbit. Light llarned the lemaining effect ' ' v~ -  In computing an  o r b ~ t  In the arttcle by P M. Mulier and C. C. 
locity parallax." Cllao, "Ttmlng Err015 and  pol,^ Motton " 
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to the rotation of the station about the earth axis. The 
arnplitrtde 1? of the quasi-sinirsoid is composed of 

For a constant spacecraft right ascension, the errors in 
timing, in spacecraft right ascension, and in station longi- 
tude appear as a change in phase, AO, of the quasi- 
sinusoid. 

The station-spacecraft range rate ,i can be written 

= a + b sin (I),& + c cos ~ ~ t ,  (2) 

a = r, 

Z? = r,08 cos 8 cos A@ + r,w, cos 8, 

c = fS(da cos 8 sin A6  rSo)@ cos 8A0, 

since A0 is small. 

By solving for the parameters a, b, and c, the spin 
radius of the station can be determined from b. If the 

NORTH SPACECRAFT 
POLE 

I 
A 

0 
I .-- 

0 
I 

errors in UTL and the spacecraft right ascension can be 
deteri~?iinecl, then the station longitude error can also 
be determined from c: 

b 
,rs = - 

o COS s 

C 
A6 = 

r,w COS s , 

Notice that b represents the amplitude of {, while c 
is related to the time of meridian transit; that is, c is 
proportional to the difference between the actual and 
the nominal time of meridian passage. The doppler 
tracking data are primarily sensitive to the r ,  and X CO- 

ordinates of the DSS. Changes in the station location 
parallel to the earth's spin axis have littIe effect on the 
doppler data. 

Equation (2), which is the Hamilton-Melbourne 
parameterization derived in Ref. 2, is an extremely use- 
ful tool in predicting the effect of certain error sources 
on navigation accuracy. For example, during the cruise 
and encounter support phases of a planetary mission, in 
which the model tends to match the real world, the navi- 
gation accuracy is particularly sensitive to errors that 
have a diurnal period. In particular, those error sources 
that impose a signature of a sine wave centered about 
meridian transit on the doppler2 affect the estimate of 
the declination of the spacecraft, while those that put a 
cosine wave on the doppler change the phase and affect 
the estimate of the right ascension. 

Ill. Navigation Error Sources 

The maintenance of a balanced system of error sources 
is the major guideline for TSAC in the formulation of an 
error budget. The system is balanced such that a given 
expenditure of resources is budgeted to minimize the 
root sum squared (rss) of the resultant navigational 
crrors. In general, this tlecessitates advancing the state 
of the art for the most critical error sources and, within 
the above constraints, reducing the effects of other error 
sources to a negligible level when compared to the most 
critical error source. 

(fi - , -A@;) i. , (5 + , +A8i) 

TIME 'We are actually co~lcei.necl wit11 thc effect on the ~10ppIer resict- 
ual; tliat is, the doppler observable minus the compi~ied value of 

Fig. I .  information content of doppler data: (a) earth- what the cloppier observable should have been, based on tlle best 
spacecraft geometry; (b) dsppler signature estimate of tlre paranleters that affect this computation. 
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For a mission such as Marine?. Mars 1969, the tightest 
bounds on tile allowable errors arise from the naviga- 
tional accuracy requirements during the encounter phase. 
Primarily, this phase of the mission required a precise 
knowledge of the probe's trajectory with respect to Mars 
so that the scientific instruments could be accurately 
pointed. Such a determination can be derived from the 
radio tracking data if the spacecraft trajectory has been 
sufficiently influenced by the gravitational field of the 
target planet. However, for Mariner Mars 1969, opera- 
tional considerations precluded waiting until this late in 
the encounter phase. Consequently, the Mars-spacecraft 
position was inferred from a knowledge of the Mars-earth 
position (planetary ephemerides) and the spacecraft- 
earth position (the estimates of the probe's right ascen- 
sion and declination from the radio tracking data). 

The useful length of tracking data spans was also 
affected by two limitations that could not be modeled: 
(1) not being able to take advantage of the gravitational 
attraction of Mars and (2) the restriction to a relatively 
short data arc. The effects of these limitations are dis- 
cussed later in this report3 and are also considered in 
Ref. 3. 

The principal error sources that corrupt radio doppler 
data are listed in Table 2. These error sources can be 

grouped into four categories. The first group has been 
called piatform error sources. These incIucie uncertainty 
in time and the location of the earths poleQnd the un- 
certainty of the tracking station's location with respect to 
the earth's rotationai axis.3 

A second group of error sources is categorized as the 
transmission media, the media through which the radio 
signal passes. These media include the charged particles 
in the earth's ionosphere, in the solar wind, and in the 
ionospheres of other planets .Vhe neutral medium of 
the lower atmosphere-the troposphere-also is an error 
source in this c a t e g ~ r y . ~  

A third group of error sources, which is not discussed 
in this report, concerns those related to spacecraft and 
ground equipment. Included in this category are varia- 
tions of the effective path through the microwave equip- 
ment in the spacecraft and at the tracking station, and 
drift in the frequency system that controls the frequency 
of the S-band signal. 

S e e  'Station Locations," by N. A. Mottinger and W. L. Sjogren. 

4See "Timing Errors and Polar Motion," by P. M. Muller and 
C. C.  Chao. 

SSee "The Ionosphere," by B. D. Mulhall, V. J. Ondrasik, and 
K. L. Thuleen. 

fiSee "The Troposphere," by V. J. Ondrasik. 

Table 2. Error sources that limit doppler navigation accuracy 

Tracking data  Critical region for the Possible acfion/improvernent 

error sources error source 

Oscillator instability Effect of medium-term insta- 

bility [-24-h in 

a, S is proportional to the 

DSS-probe distance, p 

Cesium standards or better, 

plus appropriate cleanup 

loops to replace rubidium 

standards 

Trask and Hamilton, 37-38, 

pp. 8-13; Curkendall, 

37-41, pp. 42-47, and 

37-46, pp. 4-8; Motsch 

and Curkendall, 37-43, 

pp. 37-39 

Phase jitfer 

Electrical pathdength 

variation through: 

DSS 

Spacecraft 

Primarily proportional to 

temperature variation on 

external cabling between 

control room and antenna 

Important for target orbiter 

subjected to temperature 

fluctuations (i.e., passes 

Constant design improvements Motsch and Curkendall, 

improve SNRn 37-43, pp. 37-39 

l f  Strict temperature conlrol at 

equipment and active cable 

delay compensation 

Improved spacecraft tran- 

sponder delay a n d  puefligl?: 

calibration, or active 

compensation 
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Tracking data 

error sources 

Antenna motion: 

DSS 

Spacecraft 

Timing: 

DSS sync to common 

time standard 

Precession, nutation (spin 

axis with respect to 

inertial space) 

Pole motion (earth's 

crust with respect 

to spin axis) 

Critical region for the 

error source 

Generally critical in support 

of target orbiters 

Affects only right ascension 

Area of improvement 
Possible action/improvement 

Basic design (structure, paint- 

ing for temperature com- 

pensation) and software 

model of motion during a 

tracking pass 

Placement with respect to 

spacecraft CG, and control 

of limit cycle motion; utilize 

telemetry information of 

motion (or reject data) 

Utilize: 

1. X-band lunar bounce 

2. Traveling clocks 

3. Three-way ranging 

4. Local "standards lab" 

5. "Loran C"-type 

implementation 

1. lmprove data reduction 

technique (for post as 

well as future PZT 

observations) 

2. New method for deter- 

mining A.l-UTl, such 

as use of interferometric 

tracking of distant radio 

sources 

Further reduction of available 

data and use of interfero- 

metric tracking of distant 

radio sources 

1, Improve predictions 

a. "Hattori" model 

b. Sequential estimation 

technique 

2. Reduce time interval over 

which predictions must be 

extrapolated (reduce lag 

between observations and 

availability of results) 

3. New method for determin- 

ing polar motion, such as 

use of interferometric 

tracking of distant radio 

sources 

Motsch, 37-39, pp. 14-18 

Trask and Muller, 37-39, 

pp. 7-16 

Muller, 37-41, pp. 18-24 

Muller, 37-45, pp. 10-14; 

Chao and Muller, 37-56, 

pp. 69-74 

9PL TECHNICAL REPORT 32- 1499 



Table 2 (coned) 

Trask and Efron, 37-41, 

pp. 3-1 2; Liu, 37-41, 
pp. 38-41; Winn, 37-53, 
pp. 20-25; Webb and 
Mulhall, 37-55, pp. 13-15; 
Mulhall and Thuleen, 

37-55, pp. 15-19; Mulhall 
and Wimberly, 37-55, 

pp. 19-23; Mulhall and 
Wirnberly, 37-56, pp. 58- 
61; Ondrasik and Mulhall, 

37-57, pp. 29-42; Mulhall, 
37-57, pp. 24-29; Mulhall, 

37-58, pp. 6673 ;  
Ondrasik, 37-59, pp. 97- 

110; Ondrasik, Mulhall, 
and Mottinger, 37-60, 
pp. 89-95; Madrid, 37-60, 

pp. 95-97. 

Mulhall and Wimberly, 

37-56, pp. 58-61; Efron 
and Lisowski, 37-56, 
pp. 61-69; Anderson, 

37-58, pp. 77-81; 
Ondrasik, Mulhall, and 
Mottinger, 37-60, 

pp. 89-95 

Liu, 37-50, pp. 93-97; 
Mottinger, 37-50, pp. 97- 
104; Winn, 37-51, 

pp. 42-50. 

Moyer, issues 37-38, -39, ] 
and -41 through -46; 

Warner, 37-47, pp. 35-41 

Vegos and Trask, 37-43, 
pp. 18-24; Mottinger 
and Trask, 37-48, pp. 12- 

22; Mottinger, 37-49, 
pp. 10-23, and 37-56, 
pp. 45-58. 

aData user realizes benefit automatically. 

"Data user "responsible1' for incorporating improvement. 

CReferences given here list the authors, issue numbers, and page numbers of articles that appeared in the Tracking and Navigation Accuracy Analysis 

Section of The Deep Space Network, a periodical publication of the JPL Space Programs Summary series. 

dSignai-to-noise ratio. 

'Single Precision Orbit Determination Prograrn 

rDouble Precision Orhit Derermination Prograni 



A fourth category consists of errors in the ephemerides 
of the earth, moon, and target pianel. 

Notice that the errors in the foregoing categories are 
concerned with obtaining the proper angular position in 
right ascension (a) and declination (8) of the spacecraft 
in inertial space, which was an important consideration in 
support of the Mariner h4ars 1969 encounter phase. The 
error sources7 that affect navigational accuracy during 
this and other phases of the mission are listed in Table 2, 
which also calls out the conditions under which each 
error source is most critical, whether future areas of im- 
provement are likely within the hardware or software, 
and possible action to effect an improvement. 

A comparison is made in Table 3 of the effect of the 
limitations to navigation accuracy on the DSN doppler 
system as it existed in July 1967 and the system that sup- 
ported the Alariner Mars 1969 encounter in July 1969. 
The changes that took place over this two-year span are 
also summarized. The relative limitations to navigation 
capability caused by errors that the TSAC activity 
attempts to control are illustrated in the circular variance 
diagrams presented in Figs. 2 and 3. These diagrams are 
scaled so that the area of the circle allocated to each 
error source is proportional to the variance contribution 
of that error source. In the Mariner Mars 1969 system, 
the DSS locations are the primary limitations, along with 
polar motion in the declination direction and UT1 in the 
right ascension direction. 

The primary improvement of the 1969 over the 1967 
system occurred in the area of DSS locations. The DSS 
location solutions are obtained from post-flight analysis 
of tracking data. The velocity parallax effect (which is 
the dominant source of information in the doppler track- 
ing data for a distant spacecraft not significantly accel- 
erated by gravitational forces) does not separate the 
probe position and the DSS locations. That is, the ve- 
locity parallax effect directly determines the parameter b, 
which is a combination of r, and 6, and also determines 
the parameter c, which is a combination of a and h, as 
represented by Eq. 

7Articles on these error sources are regularly published in the 
Tracking and Navigation Accuracy Analysis Section of The Deep 
Spnce Neftuork, a periodical publication of the JPL Space Pro- 
grams Summary seiies. Refelences to SPS articles are listed in 
Table 2. 

Tile 15 and c ileterminatioiis are also corrupted by error sources 
such as uncertairlties in polar motioil, UT1, and the effects of the 
transmission media. 

TOTAL ton 6 cr = O''08 S 
1 rn = 0!'04 CONVERSION USED FOR LOCATION OF TYPICAL DSS 

Fig. 2. Variance circle of errors in declination direction: 
Mariner Mars 1969 encounter support 

TOTAL ma = 0!16 

1 m = 08!04 CONVERSION USED FOR LOCATION OF TYPICAL DSS 

Fig. 3. Variance circle of errors in right ascension 
direction: Mariner Mars 1969 encounter support 

However, the r, (but not the A) component can be 
determined if a short span of tracking data is processed 
that includes a period when the probe declination 
passes through zero. Since b = W ~ ~ ~ O S  6, relatively 
large errors in the declination of the probe can be 
tolerated without significantly degrading the Y, solution 
when 6 approaches 0. 

Both 1., and ,i can be determined when the probe posi- 
tion can be independently inferred from other effects 
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Table 3. DSM doppler navigation system: equivalent DSS location 
errors (for Mars encounter support) 

Basic systema Changes over basic systema 

Timing (A.l-UT1) Constrained least squares polynomial f i t  to 

1955 through present data span 

Tropospheric refraction Used average local conditions at each DSS 

Charged particles: 

Used ionosonde and Faraday rotation data 

No  actual calibration performed; DRVlD em- 

ployed where available 

Ground antenna motion (variation over 12-h DPODP models' effect for "rigid" antenna 

Electrical path-length variation through the 

DSS (over 12-h pass) 

Long-term (-12 h) oscillator instability 

High-frequency "visible" doppler noise: 

Committed 

such as the gravitational bending of the orbit, provided 
that the position of the target planet with respect to 
earth is well known. This situation arises during the 
period of closest approach of the spacecraft to the target 
body.g The position of the target planet with respect to 
the earth can be determined from the ephemerides of the 
earth and the target planet. 

"ravity i~ending clue to the sun can also liave appreciable effect 
Froin relatively long data arcs during the cruise portion of a 
planetary mission to allow the cleteri~~ination of DSS locations. 

I t  should be emphasized that although special spans 
of tracking data, as described above, were selected for 
postflight analysis to determine the DSS locations, the 
quality of the solutions was limited by precisely the same 
error sources that limit navigation accuracy during the 
cruise and encounter phases of a planetary mission. Con- 
sequently, the technological advances made in the 1969 
system over the 1967 system were important not only in 
that they directly improved navigation accuracy capa- 
bility, but also because they corxld be applied to past 
tracking data (data from earlier missions) to improve the 
DSS location solutions. 
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BV, Credibility of DSS Location Solutions 

The navigation accuracy capability for deep space 
missions can be limited by the uncertainties in the DSS 
locations with respect to the crust of the earth. The 
extent of these limitations in the encounter support of 
the Mariner Mars 1969 mission is illustrated in Figs. 2 
and 3, which show proportional sources of error in esti- 
mates of declination and right ascension of the space- 
craft. 

The Mariner Mars 1969 goals asked that the lv uncer- 
tainty in the distance off the spin axis (ur8) be held to 
1.5 m and the uncertainty in longitude (FA) to 3 m. These 
represent the primary limitation in the declination and 
right ascension directions, respectively. Even though 

with previous solutions which do not include the iono- 
spheric eorrecfions. The method of obtaining these 
solutions, which are admittedly Iimited in number, is 
described in the next article in this report. The main 
limitation on the number of solutions was one of re- 
sources. In the future, when more ionospheric data has 
been obtained, the analysis will be extended to include 
zero-declination cases for the Pioneer spacecraft as well 
as selected lunar missions. 

Since no comparison standard for absolute location 
solutions is currently accepted as superior to the solu- 
tions obtained from postflight processing of radio track- 
ing data, the accuracy of the solutions must be inferred 
from other means. These include: 

v + - 
these DSS location uncertainties were the leading limi- (1) The repeatability of solutions for a single station. 
tation, they still represent considerable improvement in 
the state of the art over previous planetary missions. For 
example, ars = 8 m and ax = 12 m for the Mariner 
Venus 67 mission. Considerable effort was expended to 
effect the desired improvement. However, proof that the 
A4ariner Mars 1969 goals were actually achieved is at 
present difficult to establish and must await even more 
accurate solutions in the future, which can be used as a 
comparison standard. 

The station locations used for Mariner Mars 1969 were 
produced through the detailed postflight analysis of 
selected portions of the Mariner IV and Mariner V mis- 
sions. The primary improvement made in 1969 over 1967 
was the incorporation of the corrections to account for 
the effect of the charged particles in the ionosphere on 
tracking data. The current best estimates with the iono- 
spheric corrections included are listed in Table 4, along 

(2) For DSSs within a few kilometers of each other, 
comparison of relative locations as obtained from 
radio tracking data with those obtained from 
ground survey results. 

(3) Comparisons made with solutions derived from 
independent means. 

As an example of (3), Refs. 4 and 5 compare station loca- 
tion solutions obtained by the Smithsonian Astrophysical 
Observatory (SAO) and the DSN. These comparisons 
depend on relative DSS-SAO distances as derived from 
ground survey data, since the two organizations deter- 
mine only the locations of their own tracking stations. 
SAO determined the locations of their stations through 
the use of Baker-Nunn optical and laser tracking data, 
while the DSN determined the locations of the DSS by 
the use of radio tracking data. While such comparisons 

Table 4. Comparison of ionospheric effects on station location estimates 

Differences due to ionosphere 
Data from Mariner Mars 1969 mission Data from Mariner Venus 67 mission 

(results with ionosphere cali- 
Deep 

bration minus results without 
Space Best estimates with ionosphere calibration Best estimates without ionosphere calibration 

ionosphere calibration) 
Station 

r,, km r,, km Arr, m A?,, lo-' deg 



may not prove the actual accuracy of either set of- solu- 
tions, they are a very t~sefuI to01 with which to uncover 
blunders if agreement is not as good as predicted from 
the claimed accuracies of the respective solutions. In 
fact, these solutions uncovered a large bias, as yet unex- 
plained, between the two sets of longitude solutions. 
although the quality of both the r ,  and AX comparisons is 
compatible with the claimed accuracies of the SAO and 
DSN determinations. 

V. Establishment of Credibility Through 
Repeatability of Solutions 

One of the chief limitations of this method is the 
sparsity in the number of solutions for each individual 
DSS, although this can be overcome to some extent by 
referencing all DSS within a geodetic datum to one site 
by the use of relative locations derived from ground 

* * $t * * FIXED STARS 

SPlN AXIS 

MOUNTAIN 

survey data. Even thot~gh the effect of most error sources 
is independent for data spans wiciely separated in time, 
some error sources may bias the DSS solutions. F'ortu- 
nately, however, an error source that causes a compen- 
sating bias (an error that is consistent for all of the 
missions considered) in the DSS location will not affect 
the ability to compute or predict at some future time the 
trajectory of the spacecraft. An offset in UT1 is an exam- 
ple of an error that could be consistent from mission to 
mission, while the error incurred in DSS locations by not 
accounting for the effect of the ionosphere may tend to 
bias the DSS solutions for the small set considered in 
preparation for the Mariner Mars 1969 mission, but would 
not in general be consistent froin mission to mission. 

The DSS location solutions are affected by much the 
same error sources as affect navigation capability; 
namely, the platform parameters such as UT1 and pole 
motion and those error sources that affect the observable, 
such as the effects of the transmission media. 

The case for pole motion is illustrated in Fig. 4. As far 
as the tracking data are concerned, the pole of the earth 
is the spin axis. This means that if the crust of the 
earth slips with respect to the spin axis, for the case 
shown in Fig. 4, then r, shortens and the longitude be- 
tween Greenwich and a DSS in the northern hemisphere 
increases. In the case of UT1, an error has no effect on r,, 
but affects the h of all the DSS by the same (angular) 

EFFECT ON'D~STANCE 
OFF THE S P l N  AXIS rS 

EQUATOR 

w [ I - A 8 1  - ffS,C - a _  - X - w U T I  - n 

EFFECT ON LONGITUDE X 

Fig. 4. Polar motion 
Fig. 5.  Csrrelation of universal time: DSS longitude 

and solar longitude 
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amount; that is, a UTI = 1 ms will produce AX = 0.4 m 
at the typical DSS latitude (35").  This is illustrated 
in Fig, 5 where the tracking data senses the angle 

( t  -- to),  where oja ( t  - t,) = (aS,, - h - W, UTI 
f 7i. - aO). Therefore, when determining h, any error 
in the other quantities on the right-hand side of the 
above equation will be reflected as errors in the solution 
of h on a one-to-one (angular) basis.1° 

As previously mentioned, the ionosphere, which prior 
to the 1969 mission preparations was ignored, is an 
example of an error source that can produce systematic 
errors in the DSS location solutions. Figures 6 and 7 
show the shift in the I * ,  and h solutions, respectively, due 

IQAgain, errors in quantities not considered in the Hamilton- 
Melbourne model, such as pole nlotion and the effect of trans- 
mission media, will also affect the longitude solution. 

to applying the ionospheric corrections to the radio 
tracking data. Notice that for. the data spans considered, 
the I., is always positive and averages 31/2 rn for the 
Goldstone Complex. 

The errors in both I., and h caused by ignoring the 
ionosphere are significant. The effect of the ionospheric 
charged particles on the tracking is proportional to the 
number of charged particles in a column of unit area 
that contains the propagation path of the radio signal 
between the DSS and the spacecraft. This columnar 
content is a function not only of the ray path, but also 
of the time of day, as illustrated in Fig. 8. The action of 
the ultraviolet rays of the sun on the ionosphere disasso- 
ciates or ionizes the particles of the upper portion of the 
atmosphere. The maximum concentration of charged 
particles occurs near the subsolar point, while toward 

2 
MARINER IV 

ENCOUNTER, 
JULY 15, 1965 

0 

MARINER V 
PRE-ENCOUNTER, 
S =  0 
AUG. 16, 1967 

MARINER V 
ENCOUNTER 
OCT. 17, 1967 

I I 
I 1.55 I 

I 

I I 
I - 

MARINER V I 
I 

POST-E NCOUNTER, I I 
S =  0 I I 
NOV. 5, 1967 

I 
I I I 
I I 

- 
I 

I I I 
I I 0.28 I 

J.....EZ3 I A" 

Fig. 6. Effect of ionosphere on spin radius solutions 
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MARINER V 
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.- -. ... 
SPAIN 
... AUSTRALIA SOUTH AFRICA 

DSS 41 DSS 42 / DSS 51 

0 
MARINER V 

POST-ENCOUNTER, 
s = O  
NOV.  5, 1967 I 

-2 I I 

Fig. 7. Effect of ionosphere on longitude solutions 

nightfall, recombination dollxinates and a minimum num- 
ber of charged particles exist on the nightside of the 
earth. A number of dashed lines are traced out in Fig. 8, 
representing the error in counted doppler (Apr) caused 
by the charged particles. Solid lines apply to a geosta- 
tionary satellite at a constant elevation angle; the lower 
curve is for a spacecraft directly over the station 
( y  = 90") and the top cwve is for a spacecraft on the 
observer's horizon (y  = 0") and is generally a factor of 
3 to 3.5 times greater than the y = 90" case. The peaks 
of these curves usually occur between noon and 3 p.m. 
local time; that is, sometimes the rate of ionization ex- 
ceeds the rate of the recombination even after high noon. 
However, the DSS locations are not derived from track- 
ing geostationary spacecraft, but from planetary probes. 
in which case the sun-earth probe angle (SEP) and not y 
is relatively constant throughout the day. Dashed fines in 
Fig. 8 represent the time history of ~p~ for spacecraft at 
SEP .= 0, 90, and 270". Each trace starts as the space- 
craft rises on the horizon (y = 0°),  continues to the peak 

elevation angle,ll and then continues on until the space- 
craft sets ( y  = 0) (Ref. 6). 

Errors in station location solutions will arise during 
the postflight processing of the radio tracking data if the 
effect of the ionosphere, as illustrated in Fig. 8, is 
ignored. In particular, a ap1 signature shaped like a 
cosine wave, centered at the mid-point of the pass, will 
cause an error in I., ( e r h )  equal to the amplitude of the 
cosine wave (and a similar relationship exists between a 
sine-shaped APT and an error in A). This means that for 
the three cases illustrated in Fig. 8, r ,  will be positive 
for SEP = 90 or 270" and may have either sign (although 
the error may be small) for SEP = 0", depending upon 
the actual rnaxiillurtt elevatiorl angle and the time of day 
at which the peak ionospheric activity occurs. 

IlTlie y a k  clc\-atiori nrigle is :I funetinrl oC ilie declinaiion of tile 
spacecraft and the latitltdr of tlir statioii, 4;  i.e., y,,,,, = 90" 

- I + - 8 1 .  



TO THE SUN 
MAXIMUM CHARGED- 

PARTICLE LONTEN1 
IN IONOSPHEEI 1 ,, 

-EARTH'S SURFACE 

SPACECRAFT 

--- -------- % 
MINIMUM CHARGED- IONOSPHERE 

PARTICLE CONTENT 
I N  IONOSPHERE - 

------ 
DEEP SPACE PROBE 

1 6 1  .............. ( v VARIES THROUGHOUT PASS: 

LOCAL TIME, h 

Fig. 8. Effect of ionosphere on radio tracking data 

For past probes at  planetary encounter, SEP 90 to 
120" for Mars missions and SEP A 45" for Venus mis- 
sions. This means that ers will be larger for a Mars 
mission than for Venus missions, although exceptions can 
occur, because the ionosphere, that is, the charged par- 
ticle content, does vary as a function of parameters not 
considered in the above discussion, such as seasonal 
variation and changes in solar activity. 

The net effect is that although it is coincidental (the 
data set could have included zero-declination Pioneer 
cases at SEP + 0°), the ionospheric corrections did bias 
the r, solutions for the cases analyzed. 

There still may be biases in the DSS solutions due to 
other error sources, such as the troposphere and the 
space plasma, although at present the extent of these 
effects is yet to be defined. In the case of the tropo- 
sphere the cirrrent model, which is described later in 
this rtpolt,l?is in the ploeess of being revised and prob- 

I2"The Troposphere," hy V. J. Ondiasik. 

ably does contribrate systematic errors to the DSS loca- 
tion solutions, if the tracking station's geometry IS similar 
for the data spans analyzed, 

The effect of charged particles in the space plasma 
may account for small systematic errors. Not only does 
the average number of charged particles in the column 
generally increase as the earth-spacecraft distance in- 
creases, but for the relatively small number of data sets 
included, the effects of the random fluctuations may not 
have been adequately a~~eraged out. These random fluc- 
tuations are due to concentrations of charged particles 
spewing out from the sun as demonstrated by the model 
of charged  articles in the space plasma described in 
Ref. 7. The model includes from 3 to 5 spiral arms that 
exist at any one time, each rotating with the solar equa- 
torial period of about 28 days. Unfortunately, the mea- 
surements of the effect of the space plasma during the 
periods of interest are rather sparse. The Mariner Venus 
67 mission yielded the most information. It carried the 
Stanford dual-frequency experiment, which provided 
measurements of the columnar electron content in the 
space plasma during the time the spacecraft was in view 
of the Stanford, California, tracking station. The error 
caused by the space plasma during portions of this mis- 
sion is discussed in Ref. 8. However, as described in 
Ref. 8, the data were not obtained during all days of 
interest, and the fluctuations of the data obtained are 
of such a nature that it is difficult to predict what takes 
place between the set at  the Goldstone tracking station 
and rise the following day. Even a lesser amount of 
data was available during the Mariner ZI (1962) and 
A4ariner ZV (1964) missions, which did not measure the 
total electron content, but only the charge density at 
the spacecraft. In the A4ariner Mars 1969 spacecraft, no 
plasma experiments were carried similar to those of pre- 
vious missions. 

The scatter among the r, solutions before and after 
applying the ionospheric corrections is illustrated in 
Fig. 9. Before the ionospheric corrections are applied, 
the scatter among the six solutions is 2 m about the mean. 
After applying the ionospheric corrections, the scatter is 
reduced to 1 m, but the average of the solution has jumped 
3.5 m. If it could be guaranteed that no serious unknown 
biases existed, the r, solution provided for the Mariner 
hlars 1969 mission i~ well within the E , ,  = 1.5-m goal. 
The effect of the charged palticles in the space plasma 
foi the A4nrirler. Venus 67 encounter and post-encounter 
~ero-declination cases is the ~uspected primary cause of 
the remaining scatter. 
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2 MARINER V POST-ENCOUNTER, 

1 

0 

MARINER V ENCOUNTER 
-1 

-2 

is BASED O N  AVERAGE OF ALL rS 

-3 

BOTH DSSs TRACKED DURING 
SAME DATA SET 

3 

OBTAINED FROM THE FOUR DATA SETS 

BOTH DSSs TRACKED DURING SAME DATA SET 

Fig. 12. DSS relative locations: radio tracking minus ground survey 

(bj Ah COMPARISON 

relative DSS distance varies from 2 to 8.5 km within 
the Goldstone Complex, and the two DSSs at the Madrid 
Complex are separated by 5 km for r,  and 36 km for A. 
However, the two Australian stations are really not 
within the same complex, and differ by 250 km in r,  and 
1,200 km in A. Not only do these relatively large differ- 
ential distances rule the Australian stations out of such 
a comparison to the meter level, but in addition, other 
investigators (Refs. 11 and 12) report that the Australian 
geodetic datum has a tilt that would further invalidate 
such comparisons. 

The differences between relative locations derived 
from radio tracking data minus those determined from 
ground survey data are shown in Fig. 12. Because of the 
"observed" drift in the longitude solutions, the only 
radio-determined relative longitude locations considered 
are those derived from tracking data spans during which 
both stations traclced. If these tracking spans are rela- 
tively sholt, not only will this observed drift, but also 
polar motion and UTI errors that introduce the same 
errors in the absolute coordinates, cancel orit the relative 
 coordinate^. Some reduction is also realized in most other 
error sources (tropospheric refraction, effect of charged 

particles, electrical path-link variation through the DSS 
and the spacecraft) because of the similar ambient con- 
ditions, both at the DSS and along the respective DSS- 
spacecraft communication links. Therefore, these com- 
parisons ought to have less scatter than the repeatability 
comparisons for the absolute location determinations. 
However, this is not borne out in Fig. 12, although 
admittedly the data sample is small. 

VI. Recommendations For Future TSAG Activities 

A great part of the TSAC resources was spent in de- 
vising a scheme to automatically collect, process, and 
produce calibration data for the Mariner Mars 1969 en- 
counter. Hand-processing of data consumed another 
large portion of TSAC resources when computerized 
approaches could not be used or there was not sufficient 
time to develop automated techniques. The problem 
arises from using the data of various agencies, institu- 
tions, and observatories from all corners of the world. 
Tlrougb these organizations proved extremely coopera- 
tive and helpful, the requested data could not always be 
transmitted in a standard format. 
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To make calibration procedures operational on a rou- 
tiile, as opposed to a research, basis tlie following steps 
should be taken: 

(1) Models to predict the effects requiring calibration 
should be developed and perfected to eliminate 
the need for making measurements especially for 
in-flight calibration. 

(2) Where modelling cannot provide sufficiently ac- 
curate calibrations, instrumentation to measure the 
effects requiring calibration should be installed at 
each DSS and connected into the tracking data 

acquisition system so that collection and processing 
of calibration is ds nearly atiiornated as possibIe. 

(3) Measrrrernent techniques that hold the most prom- 
ise of inherent accuracy should be exploited, as 
opposed to techniques that have inherent limita- 
tion in accuracy, which will make them obsolete 
for future missions. For example, techniques that 
provide measurements along the entire probe-DSS 
ray path should be developed. Also, techniques 
such as very long baseline interferometry, which 
will permit the DSN to calibrate timing and polar 
motion directly, should be exploited. 
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Station Locations 
N. A. Moftinger and W. L. Sjogren 

I. Introduction 

When undertaking a task as complex as navigating a 
deep space probe to a specified target, it is important to 
have a simple representation of fundamental processes 
involved. The Hamilton-Melbourne model of the infor- 
mation content of doppler data (Ref. l), discussed in the 
preceding article, supplies such a need for orbit deter- 
mination with the use of earth-based radio tracking. The 
parameterization method developed by Hamilton and 
Melbourne can be used to determine how well station 
locations must be known to meet navigation accuracy 
requirements. The method was used by Hamilton, Trask, 
and Grimes (Ref. 2) to determine the uncertainties in r ,  
(station distance off earth's spin axis) and A (station 
longitude) needed to support the Alariner Mars 1969 
navigation accuracy requirements. Since station locations 
and probe position are highly correlated, the station 
locations can he estimated when the location of the 
probe is known in inertial space. The right ascension 
and declination of the probe are determined by the 

ephemeris of a body (other than the earth) that is exert- 
ing strong gravitational forces on the probe. This occurs 
at planetary or lunar encounter and enables r ,  and X to 
be estimated. With more careful observation of the 
model it can be noted that at zero geocentric declination 
the uncertainty in the probe position does not degrade the 
information content of the doppler data for estimating r,. 
The zero-declination cases available have never been 
noted to occur at encounter, but rather in deep inter- 
planetary space when only the distant sun is the primary 
attracting body. At this time it is assumed that it is not 
possible to determine the absolute longitude, but rather 
the difference in longitude between stations. 

All missions for which earth-based radio tracking is 
available were considered as possible sources for station 
locations. These {ell generally into two categories, lunar 
and planetary. None of the lunar missions offered zero- 
declination cases independent of encounter (impact), 
whereas I\lar.iner V offered two. One occurred during 
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cruise and the other after encounter. All together, 21 dif- 
ferent data periods were considered. In the final. analysis 
many had to be omitted because of lack of sufficient 
analysis and/or Pack of charged-particle calibrations. In 
the case of the lunar missions, disagreements with the 
planetary absolute-longitude solutions exceeded allow- 
able limits for combination. 

One very significant factor in reducing the uncertainty 
in the location estimates was the ionosphere calibrations. 
In the cases of greatest scatter among r, solutions, these 
corrections reduced uncertainty from 5 m to approxi- 
mately 2% m. 

strictive. In addition to the Mariner ilV and 'V encounter 
soiutions, there were the two Matinet- &r zero-declination 
reductions and various Pioneer zero-declination situa- 
tions already available. Others were requested and the 
tracking data. were obtained. During the early part of 
the mission, simple techniques were used to combine the 
estimates obtained from the Mariners and Pioneer VII. 
Later in the mission, ionosphere calibrations were avail- 
able, but only for the Mariners; even so, at least one 
solution remained for each station in the network. 

Solutions obtained with the Single Precision Orbit 
Determination Program (SPODP) (Ref. 4) used Mariner 
IV encounter and the Mariner V zero-declination and 

Improved methods and programs for combining sta- encounter data. These solutions produced locations accu- 
tion location estimates were used to make optimum use rate to 5 m (Refs. 5 and 6). The same data were then 
of the information obtained in the orbit-determination 

reprocessed with the improved third-generation orbit 
program and to constrain the relative locations within a determination program, the Double Precision Orbit 
complex of tracking stations to the geodetic survey rela- Determination Program (DPODP).l Pioneer VII zero- 
tive locations. declination solutions were used with the Mariners to 

II. Data Set and Solutions Obtained 

Although there were 21 different data packages con- 
sidered as possible sources for station locations, those 
computed for Mariner Mars 1969 were obtained from 
only 5. There were many probes among these 21 that 
offered several opportunities. For example, the cruise 
and lunar orbit phase of four Lunar Orbiters and the 
cruise and post-touchdown phases of five Surueyors were 
all potential location sources. There are essentially two 
reasons why these were not included in the final analy- 
sis. In some cases the analysis had not been done or in 
others there were problems peculiar to the particular 
mission in terms of modeling inadequacies that have 
inhibited the ability to produce, among other things, 
consistent station location solutions. The second reason 
would suffice in itself-a fundamental discrepancy be- 
tween the lunar and planetary ephemerides produces 
solved-for station longitudes that do not agree below the 
3-m level with the planetary-derived longitude solutions. 
When this difference was originally noted and confirmed 
by Van Flandern (Ref. 3), the difference was approxi- 
mately 20 m. The use of lunar ephemerides that are 
corrected for this difference has not produced station 
locations as consistent as expected with the cha,nges 
induced in the lunar ephemeris or with the existing 
planetary longitudes. 

Although the solutions wo-rild have to be obtained from 
the existing planetary flights, this was really not too re- 

produce a set of station locations, location set (LS) 17, 
to support the launch and premidcourse activities of the 
Mariner Mars 1969 mission. The simple averaging tech- 
nique of weighting each solution by 1 over its variance 
was used to produce this set. These results when com- 
pared as in Table 1 with the best set, LS 14, from the 
SPODP showed an average difference of 1 m in r, and 
1.6 m in A. Since the DPODP and SPODP were to sup- 
port the Mariner Mars 1969 orbit determination effort, 

'Mottinger, N. A., Breaking the 5-Meter Level in Obtaining Sta- 
tion Location Solutions From the Reduction of Radio Probe Data, 
JPL Internal Report, Oct, 2, 1969. 

Table 1. First DPODP estimates compared 
with best SPODP 
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the gerieral harmony displayed between the results of the 
data reduction tecllniques employed in both programs 
served to increase the confidence of the capabilities 
of each. 

The "worst case" example of the consistency among 
station location solutions is shown in Figs. 1 and 2. Two 
sets of DPODP solutions are shown in these figures. 
Those to the left are labeled NO IONOSPHERE to dis- 
tinguish them from those on the right, which were ob- 
tained after the ionosphere corrections were applied. 
Before application of the ionosphere corrections, an 
approximate 5-m scatter exists in the r, solutions and 
about 1% m in longitude. Their application will be 
discussed in more detail in Section IV of this article. It  
can be noted in Fig. 2 how the planetary longitude solu- 
tions agreed before and after the application of the 
charged-particle calibrations. The spread increased 
slightly to 2Y2 m from 13/4. This may be due to errors 
in the ephemerides, precession constants for the earth- 
centered coordinate system, or in the star catalogs used 
to compute UTI at the Naval Observa t~ry .~  Also signifi- 
cant is the additional ?h-m spread in longitude induced 
by processing the Mariner IV data with the specific 
ephemer i~ ,~  DE 71, developed to support the encounter 
activities of Mariner Mars 1969. This ephemeris is not 
recommended for general use; however, as part of the 
station location effort, the Mariner IV data were refit 
and produced the expected %-m change in longitude. 
In the combining process, however, the Mariner V solu- 
tions dominated the leasts squares adjustment because of 
its smaller uncertainties and essentially negated the 
effects of the change in Mariner IV. 

The various solutions obtained for all stations in the 
DSN are presented in Tables 2, 3, and 4. Information 
concerning the time span of each flight used in the 
DPODP is shown in Tables 5 and 6. Other important 
factors affecting their derivation will be discussed in 
following sections. 

III. Timing Psiynorniclls and Polar Motion Effects 
on Mariner Mars 1969 Station Lscatiolss 

To reduce earth-based radio tracking data to the accu- 
racy required for nearly all space ventures, it is necessary 

ZIbid 

?O'Handley, D. A ,  Eplte~neiis  of ,21afs for Jfniiners 'ST1 anti VII ,  
JPL Internal Repol t,  Arig. 15, 1969. 

1.0 represent the differences between universal time eo- 
ordinated (UTC), UT4, ephemeris time (ET), and atomic 
time (A.I). A linear relationship is used for A.1-ET rela- 
tionships and a quadratic for UTI-UTC. These are pre- 
pared from timing information supplied by the U.S. 
Naval Observatory as described in the next article in 
this report.' 

At the time of launch i t  was necessary to modify the 
longitudes provided to account for a redefinition of 
UT1 disseminated by the U.S. Naval Observatory after 
January 1, 1968. This introduced a discontinuity between 
the tinling system used to produce station locations 
and the timing system used to reduce the Mariner Mars 
1969 data. To counteract this, the longitude of each sta- 
tion was increased 3 X deg prior to updating for 
polar motion. 

Before encounter occurred, this situation was corrected. 
Corrections were made so that the continuity of UTl  was 
not interrupted between the previous and present mission 
and, furthermore, the raw data supplied by Muller and 
Chao (Ref. 7) had been recomputed using the Bureau 
International de l'Heure (BIH) polar motion. A new pro- 
gram was developed to prepare the necessary polynomials 
representing the required relationships. The previous 
data were reduced by the DPODP with these new poly- 
nomials and were noted to show excellent agreement 
between observed changes in UT1-UTC and the longi- 
tude solutions obtained. It  was therefore no longer neces- 
sary to apply any corrections for timing discontinuities. 

Before any Location Set could be used by the SPODP 
to process the Mariner data, it was necessary to update 
it for the polar motion predicted by Muller and Chao. 
Updating of the SPODP took place at intervals sufficient 
to minimize the effects of the unmodeled polar motion 
on the data reductiona5 As the updating was required, 
only the current best set of station locations was cor- 
rected. Updating in the DPODP is handled by inserting 
new polar motion model coefficients obtained when new 
timing coefficients are produced. The station locations 
used for input were at the reference, 1903.0 pole. The 
updated station locations supplied for use by the SPODP 
are listed in the Appendix. 

4"Timing Errors ancl Polar Motion," b y  P. hI, hlrrller and C. C. 
Chao. 

.'A description of the effect of polar rimtion on statton locations is 
given by P. hl.  Xfrrller iii Polar hlotioi~ nnd DSN Sfntiott Locnfions, 
JPL Internal Report, Apr. 20, 196'9. 
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Fig. 2. Geocentric longitude, earth-fixed system (1 903.0 pole), DSS 12 
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Table 2. Absolute station locations and statistics: non-ianesphere re?sbe#ions 

DSS Data source 

Mariner IV encounter 

Pioneer Vl lA 
Pioneer Vl l lA  

Mariner V encounter 

Mariner V post-encounter 

Pioneer Vl lA  
Pioneer Vl l l8  
Pioneer IX 

Mariner V cruise 

Mariner V encounter 

Mariner V post-encounter 

Pioneer VllB 
Pioneer IX 

Mariner V encounter 

Mariner V post-encounter 

Pioneer Vl lA  

Mariner IV encounter 

Mariner V cruise 

Pioneer Vl lA  
Pioneer Vl l lA  
Pioneer VlllB 
Pioneer IX 

Mariner IV encounter 

Pioneer VlllB 
Pioneer IX 

Mariner V cruise 

Mariner V post-encounter 

Pioneer Vl l lA 

Mariner V cruise 

Mariner V encounter 

Mariner V post.encounter 

Pioneer IX 

Distance o f f  spin axis, 

km 

1 a standard 

d e ~ i a t i o n , ~  m 

Geocentric longitude,b 

deg  

7 o standard 

deviati0n.a 

lo-' deg 

5.6 
17.0 

109.0 

3.6 
9.8 

16.5 
77.4 
61.0 

9.2 
3.6 
9.8 

62.0 

3.0 
9.7 

17.6 

5.0 
9.3 

16.5 
108.0 
75.7 
62.0 

4.5 
75.7 
62.0 

9.3 
10.4 

109.0 

9.8 
3.3 

10.0 
69.0 

Distance along spin 

axis,c km 

I aThese are formal uncertainties computed by  the DPODP. They do not include uncertainties in universal time, polar motion, ephemeris, ionosphere, or  / 
I space plasma, but  are about 1% times the visible noise on the data. I 

V h e  minor part may be  assumed to be tabulated in meters where the equivalence of i O P d e g  at DSS 1 1 ,  i2,  and 14 is 0.91, at DSS 6 i  and 62 is 0.85, 

at DSS 51 is  1.80, a t  BSS 41 is 0.95, and  at DSS 42 is 8.91. 
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Table 3. Absolute station locations: ionosphere reductions 

Data source 

Mariner IV  encounter 

Mariner V encounter 

Mariner V post-encounter 

Mariner V cruise 

Mariner V encounter 

Mariner V post-encounter 

Mariner V encounter 

Mariner V post-encounter 

Mariner I V  encounter 

Mariner V cruise 

Mariner I V  encounter 

Mariner V cruise 

Mariner V encounter 

Mariner V post-encounter 

Distance off spin axis, 
km 

Geocentric I ~ n ~ i t u d e , ~  

deg 

243.15xxxx 
065.3 

"These are formal uncertainties computed by the DPODP. They do not include uncertainties in universal time, polar motion, ephemeris, ionosphere, or 

space plasma, but are about 1% times the visible noise on the data. 

bThe minor part may be assumed to be tabulated in  meters where the equivalence of lo-' deg at DSS 11, 12, and 14 is 0.91, at DSS 61 and 62 is 0.85, 

at DSS 51 is 1.00, at DSS 41 is 0.95, and at DSS 42 is 0.91. 

CThis component was not estimated, but is included for completeness. 

Table 4. Relative longitude solutions: non-ionosphere 

Data source 

Mariner IV encounter 

Mariner V cruise 

Mariner V encounter 

Mariner V post-encounter 

Pioneer VllA 

Pioneer VlllA 1 645.7 I Pioneer V!!lB 331.4 912.6 

Pioneer IX 323.0 910.2 757.7 

Goldstone DSS 12 minus: 

DSS 41 

906.3Oxxxx 

702.9 

701 .O 

701.7 

DSS 42 

94.2 1 xxxx 
327.6 

326.6 

325.3 

DSS 61 

- 112.43xxxx 

764.3 

766.1 

764.6 

DSS 51 

215.5Oxxxx 
913.3 

DSS 61 

- 1 12.55xxxx 

644.3 

644.5 
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Tabre 6. Flight anaiysis summary: ionosphere reduetions 

flight 

Mariner IV encounter i 
Mariner V cruise 1 

Mariner V encounter 

Mariner V post-encounter 

Doppler 
tracking, 

No,  of points 

373 

364 

561 

41 1 

Tracking span 

11 days 

(July 10-21, 1967) 

5 7  days 

(July 21-Sept. 16, 

1967) 

10 days 

(Oct. 14-24, 1967) 

15 days 

(Oct. 29-Nov. 12, 

1967) 

RDE Development Ephemeris 

LE Lunar Ephemeris 

IV. Atmospheric Effects on Derived Station 
Locations 

Two distinct portions of the atmosphere have important 
effects on the propagation of the radio signal received 
from a deep space probe. One of these, the troposphere, 
could be modeled with sufficient accuracy to meet the 
goals of the Mariner Mars 1969 mission, but the charged- 
particle effects of the ionosphere had to be calibrated 
with many different data types and data handling tech- 
niques as described later in this r e p ~ r t . ~  The effects of 
the ionosphere can be seen in Figs. 1 and 2, in which r, 
and h solutions are shown before and after ionosphere 
corrections were applied. These effects are representative 
of the changes that occurred at the Northern Hemisphere 
stations, which at the time Mariner IV and V missions 
were under the influence of higher ionospheric activity 
than those in the Southern Hemisphere. Differences at 
all the stations are given in Table 7. Calibrations for the 
Pioneer data did not arrive in time for processing. 

Changes were made in the troposphere model7 when 
it: was noted that the model could be improved. This 
resuIted in smaII changes to r, only. To obtain these, 
time permitted only refitting the Mariner V cruise zero- 
declination case to the new refraction model. The deltas 
obtained are listed in Table 8. These were applied only 

"''Tlie Ionosphere," by B. D. htulhaII, V. J. Ondrasik, and K. L. 
Thuleen. 

7See "The Troposphere," by V. J. Ondrasik. 

Table 7. Differences due to ionosphere corrections: 
LS 25 - LS 24 

Table 8. Corrections to r ,  for new troposphere model 

I DSS ( Valve added to old solutions, rn I 

JPh TECHNICAL REPORT 32-1499 27 



to the station locations being used by the DPODP, since 
the original model \vas retained in the SPBDP, 

The ionosphere calibrations halie been applied only to 
station location solutions obtained from past missions. 
To use these locations for the inflight reduction of 
Mariner  Mars 1969 data, it was necessary to apply the 
corrections to the data and then redetermine the en- 
counter point. The application was a two-step operation 
following the initial reductions of the 1969 data with the 
use of the current best set of non-ionosphere-corrected 
station locations. The "zeroth step was one that had 
already occurred as a part of the inflight data process- 
ing-the orbit determination program is run to form the 
residuals between the observed and computed data types. 
The first step is to apply the ionosphere corrections to 
these residuals, with the use of program MODIFY.S The 
third step is to resolve the normal equations with these 
modified residuals. However, for the application of the 
ionosphere corrections to be meaningful in determining 
the changes on the spacecraft trajectory, it would be 
necessary to have the computed data based on the 
ionosphere-corrected station locations. To do this would 
have required long, time-consuming reductions, so a 
method of effectively tricking the program into behaving 
as if this had been done was used. When the normal 
equations were resolved with the modified residuals, 
station locations were "estimated," but the ionosphere 
corrected locations were input as a priori final estimates 
in the vector of estimated parameters (which included 
the probe orbit)."ecause of the high correlation be- 
tween the probe orbit and the station locations, the orbit 
would change as a result of the induced change in sta- 
tion locations and also as a function of the modified 
residual used in the normal equations. Mapping the 
newly obtained estimates of the spacecraft position and 
velocity vector permitted an estimate of the ionosphere 
effects on the aiming point to be made. 

V. Combineltion Techniques 

An important part in preparing the best estimate of 
station locations for use in the Mar iner  Mars 1969 mis- 
sion was the technique used to combine the various 
solutions. The first set of station locations, LS 17, was 

fiDesci-ibed in User's Guide lo AIODIF1', Version 2, b y  R. \47. 
Scllii~liarin ( in  press ) . 

"'To enslire that  the tlil-'fct.rnces I>rlwc.t~n ilic. two sets of station 
locations were mai~ltaineil, n tight n priori stnriclard deviation of 
0.03 m was input. 

prepared for l\.lar.inei. Mars 1969 with each solrttion being 
weighted by 3. over its variance. At the Goidstone Goiil- 
plex, where the stations are within 10 krn of one another, 
geodetic survey locations \Yere used to compute the rela- 
tive position of the three antennas with respect to one 
another. This information was used to transfer a solution 
obtained from DSS 11 or DSS 14 to DSS 12, and then 
these locations for DSS 12 were combined and the rela- 
tive locations reapplied to determine positions for DSS 11 
and 14. Although the antennas at the Madrid Complex 
are close to one another also, the survey data had not 
been verified in time for use in a similar manner during 
the construction of LS 17. This information did become 
available, however, and was used in later combinations. 
The stations at the Canberra Conlplex are about 12 and 
4 deg apart in longitude and latitude, respectively. The 
geodetic surveys have been checked a t  these sites, but 
the differences between the relative locations derived 
from them and those obtained from radio tracking are 11 
and 28 m in A and r, ,  respectively. These are obviously 
much too large for use in transferring locations from one 
site to another when 3-m or better accuracies are re- 
quired. As can be seen i s  Figs. 1 and 2, the relative 
locations obtained from radio tracking agree with the 
relative survey location to about 2 m in ,r, and about 1 m 
in A at Goldstone. Similar results have been noted for 
the h4adrid stations. 

To do a more rigorous job of preparing location sets, 
a statistical combination technique was programmed 
(Ref. 8). This technique uses the normal equations ma- 
trix computed by the orbit determination program to 
produce a reduced normal matrix of the parameters in 
that solution, which is to be combined with similar pa- 
rameters from other reductions. Slight modification was 
necessary for the zero-declination cases where r ,  and 
relative h are determined. The orbit determination pro- 
gram directly estimates absolute locations. In doing so, 
it often attaches statistical significance to solutions not 
predicted by the Hamilton-Melbourne model (Ref. 1). 
To "rearrange" the information in the normal niatrix so 
as to destroy the unrealistic information on absolute 
Iongitude and maintain the realistic relative longitude 
information, the normal matrix was inverted and an 
arbitrary factor, 0.01 deg, was combined in a root-mean- 
squared sense with the Iongitude terms. The matrix was 
then leinverted to produce the desired no~mal  n~atrix. 
The double inve~sion i q  r~ndesirable from a numerical 
standpornt, and new techniques \vill be investgated for 
accornpl~sh~ng thls "iearranging" task In the time avail- 
able to prepare the program thls n7as deemed adequate 
and appeared to work effectively. 



Table 9. Relative locations at G~ldstorpe and Madrid compDexes - 
computed from geodetic survey reductions 

-DSS 11 

DSS 11 

Goldstone 

-DSS 12 

DSS 12 

-0.043931 deg 

DSS 61 

Madrid 

-DSS 62 

Ar, km 

A h  deg 

A z  km 



%able '18, Absolute locations 

DSS 

I Elss I RI, km 



Table 10 (contd) 

To constrain the relative locations at the Goldstone 
and Madrid Complexes, a covariance matrix was con- 
structed similar to that developed for the zero-declination 
cases. Very large sigmas (1000 km) were assigned to the 
absolute survey locations, but very tight sigmas (0.3 m) 
to the relative locations. Correlations were computed 
and the off-diagonal terms constructed. No correlation 
was assumed to exist between h and T,. This covariance 
matrix was inverted and used directly as an information 
matrix in the combination program. The relative loca- 
tions obtained from the combination were observed to 
have been held to a 0.01-m level. In the future it would 
be better to use a more rigorous method to compute the 
relative location uncertainties between the antennas. Per- 
haps the uncertainty should be a function of the distance 
between the sites. 

Three location sets-LS 22, 24, and 25-were computed 
with this program while the mission was in progress. 
Their constituent runs are given in Tables 5 and 6. It  
should be noted that the illariner IV DE 71 station loca- 
tions were used only in the ionosphere set, LS 25. The 
A4ariner V DE 69 solutions were used in the non- 
ionosphere sets LS 24 and 22. However, in both sets 
Adclriner V dominated because of the significantly smaller 
tancertainties on its solutions. 

Information for future comparisons of these sets is 
included in Tables 2-6. 'FabIes 2 and 3 list the solutions 

obtained and the formal statistics for each; Table 4 
gives the relative longitude for the non-ionosphere runs. 
Tables 5 and 6 summarize the data arc, ephemeris, orbit 
determination program, timing relations, pole position, 
declination, and sun-earth-probe angle for each planetary 
mission considered. The relative locations at Goldstone 
and Madrid from geodetic survey data are given in 
Table 9, and Table 10 lists the absolute location sets 17, 
22,24, and 25. 

The third component of station locations, distance 
along the earth's spin axis Z, cannot be obtained from 
reducing the tracking data from the previously discussed 
missions. Similarly, the insensitivity of the doppler to the 
Z component does not affect the real-time orbit deter- 
mination. For this reason, values obtained from geodetic 
surveys have been used successfully for mission support. 
Values for Z obtained from reductions of Baker-Nunn 
optical data performed at the Smithsonian Astrophysical 
Observatory (SAO) were taken from the Standard Earth 
1966 publication. This included Z for Goldstone, 
Woomera (DSS 41), and Johannesburg (DSS 51). Near 
the end of June 1969, new solutions were prepared at 
SAO by Lambeck (Ref. 8), which included DSS 42 and 
DSS 61 in addition to those above. DSS 62 was refer- 
enced from DSS 61 by using the survey deltas. Differences 
of 4 to 56 ns exist between these new values and the old. 
When implemented in the DPODP for processing 
Afurirzer Mars 1969 doppler and range data, reductions 
of 40 m occurred in range biases. The orbits determined 
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by doppler data only were 
the declinatioxl of the 1969 
does affect the reduction of 

unaffected, but because of general confirmation of the qrrality of the new Z values, 
probes, the Z component they were rrsed in successive Iocafion sets provided to 

range data. Following this both orbit determination programs. 
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Appendix 

Updating sf DSN Stafion Locations for the  

Single Precision Orbit Determination Program 

The following tables summarize the updating information on DSN station locations generated for use in the 
Single Precision Orbit Determination Program during the it4ariner Mars 1969 mission. 

Table A-1. Update for launch, LS 17 
(longitude-biased for UTl discontinuity)" 

Table A-2. Update for interim use to May 9 pole, bS 17 
(longitude-biased for UTI discontinuity)" 

I "Mottinger, N. A., Recommended Values of DSN Sfation Locations fo r  Inter im Use by Mariner Mars 1969, JPL Internal Report, May 15, 1969. I 

DSS 41 

DSS 42 

DSS 51 

DSS 61 

DSS 62 

DSS 72 

6372.5534 

6371.7003 

6375.5290 

6369.9899 

6369.9924 

6378.2386 

-31.21 1472 

-35.21 9595 

- 25.739471 
40.238546 

40.263524 

- 7.899869 

136.88767 

148.98147 

27.685501 

355.751 20 

355.63240 

345.67364 

5450.1933 

5205.3459 

5742.9367 

4862.6057 

4860.8134 

6317.7077 

-3302.2461 

-3674.6343 

-2768.7630 

41 14.8312 

41 16.9523 

- 876.6396 



Table A-3. Update to June 15 pole, kS 22 (longitude-biased for UTI discontinuity)" 

DSS 1 1  6372.0065 35.208090 243.15058 5206.3339 3673.7656 

DSS 12 6371.9907 35.1 18713 243.1 9451 5212.0454 3665.6305 

DSS 14 6371.9895 35.244401 243.1 1047 5203.9908 3677.0545 

DSS 41 6372.5535 -31.211468 136.88757 5450.1 936 -3302.2457 

DSS 42 6371.7002 - 35.2 19594 148.98135 5205.3459 - 3674.6342 

DSS 51 6375.53 16 -25.739451 27.685394 5742.9399 -2768.7621 

DSS 61 6369.9869 40.238574 355.75109 4862.6016 4114.8316 

DSS 62 6369.9922 40.263529 355.63229 4860.8128 41 16.9525 

aMottinger, N. A., and Siogren, W. L., New Values of DSN Sfafion Locations for Use by Mariner Mars 1969 in SPODP, JPL Internal Report, July 2, 1969. 

Table A-4. Update to July 28 pole, LS 24 (no biasing required)" 

Table A-5. Update to June 25 pole, LS 24" 

Deep 

Space 

Station 

DSS 11 

DSS 12 

DSS 14 

DSS 41 

DSS 42 

DSS 51 

Space 

DSS 11 6372.0084 

DSS 12 1 6371.9927 

Pole position: X = 4.1 m, 0.133"; X = 8.5 m, 0.275" 

BSS 42 6371.7103 

DSS 51 
I 

6375.5247 

RI, km 

6372.0084 

6371.9927 

6371.9915 

6372.5561 

6371.7103 

6375.5247 

DSS 62 1 6369.9643 

Pole position: X = 3.2 m, 0.103"; Y = 10.05 m, 0.325" 

Latitude, deg 

35.208100 

35.1 18724 

35.24441 0 

-31.21 1504 

-35.219730 

- 25.739303 

Latitude, deg 

35.2081 17 

35.1 18740 

35.244427 

-31.211508 

- 35.2 19730 

-25.73931 6 

40.238959 

40.263252 

Longitude, deg 

Longitude, deg 

243.15059 

243.19452 

243.1 1047 

136.88756 

148.98133 

27.685400 

"Mottinger, N. A., and  Sjogren,  W. b., N e w  Values of DSN Station locat ions (25 J u n e  Pole) for  Use by Mariner  Mars 1969 in SPODP, JPL Infernal  

Report, July 28, f 969. 

R,, km I ,  km 

5206.3348 

52 12.0464 

5203.991 8 

5450.1 938 

5205.3455 

5742.9409 

3673.7676 

3665.6327 

3677.0565 

- 3302.2505 

- 3674.6524 

- 2768.7443 



Timing Errors and Polar Motion 
P. M. Muller and C. C. Chao 

I .  Timing Errors 

Three types of time are used when computing an 
orbit: ephemeris time (ET), used to look up positions of 
the celestial bodies; universal time (UTl), used to deter- 
mine the location of a tracking station in space; and 
station time (t,), the time tag that is associated with the 
actual tracking data (Ref. 1). The behavior of these 
times with respect to a uniform time is schematically 
illustrated in Fig. 1, where the abscissa is a uniform time 
defined for purposes of this discussion as atomic time 
(A.l), and the ordinate represents units in one of the 
above three time systems. 

The lack of precise knowledge of the relationships 
among the three times illustrated in Fig. 1 can result in 
a degradation in the apparent quality of the tracking 
data, incorrect solutions for the tracking station locations, 
and an erroneous prediction of the spacecraft coordi- 
nates near planetary or lunar encounter. The latter two 
effects are related in the case of an error between t ,  and 
UTl. Two limiting cases are illustrated in Fig. 2 for 
spacecraft tracked by a single station. In both instances, 
the orbit determination process is not aware of any error 
in the timing relationships. 

For case 1 in Fig. 2, the orbit determination process 
assumes that the tracking station location is known per- 
fectly and determines the orbit. This will cause the 
spacecraft trajectory to rotate in space such that for 

Fig. 1. Relationship OF time systems in the orbit 

determination process 
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THE "APPARENT" 
TARGET---.. TRAJECTORY I S  

ROTATED BY 
10 StFROM 
THE ACTUAL 
TRAJECTORY 

ACTUAL 
TRAJECTORY 

ith 
OBSERVATION 

WHERE ORBIT 
DETERMINATION 
PROGRAM PLACES 
STATION AT ith 

LOCATION OF 
TRACKING 
STATION AT ith 
OBSERVATION 
TlME (IN "SPACE" 
AND WlTH 
RESPECT TO 
EARTH'S SURFACE) 

CASE 1 .  ASSUME THAT: 

(1) STATION LOCATION IS PERFECTLY KNOWN AND FIXED 
WITH RESPECT TO THE EARTH 

(2) N O  A PRIOR1 KNOWLEDGE OF SPACECRAFT 
TRAJECTORY 

(3) ONLY NEAR-EARTH TRACKING DATA I S  PROCESSED 
( i . e . ,  THE EARTH I S  THE ONLY EFFECTIVE 
ATTRACTING BODY) 

TARGET -.. 

.OCATION OF STATION I N  "SPACE" 
AT TlME OF ACTUAL OBSERVATION; 
ORBIT DETERMINATION 
PROGRAM CORRECTLY LOCATES 
STATION I N  "SPACE" BUT FALSELY WlTH 
RESPECT TO SURFACE OF EARTH 

ACTUAL LOCATION OF CF 
TRACKING STATION AT TlME 

I N  INERTIAL 

CASE 2 .  ASSUME THAT: 
(1) SPACECRAFT TRAJECTORY IS PERFECTLY 

KNOWN 

(2) STATION LOCATION I S  INCLUDED I N  THE 
ORBIT DETERMINATION PROGRAM 
SOLUTION VECTOR 

Fig. 2. Effect of an error (At,) in UTl - f ,  

the Mariner Mars 1969 mission the coordinates near en- this reference time is ET (or A.1). When processing 
counter will be in error by 6400 km (1 m @ z 16 km data, the orbit determination program is basically depen- 
Mars) for each second of error in UT1 - t,. Midcourse dent on the station tags. That is, the UT1 and E T  corre- 
maneuver preparations during a mission represent an sponding to the time tag are associated with the data 
example of this situation where only near-earth tracking point. Therefore, an error in t, - A.l (or ideally, t, - ET) 
data are available to determine the orbit and predict the differs from an A.l - UT1 error in that the former 
trajectory near the target body. causes a "shift" in the ephemeris bodies at the time the 

orbit determination program believes the data point to 
be taken. However, this effect is of secondary impor- If on the other hand it is assumed, as in case 2, that 

the orbit is perfectly known while solving for the longi- tance for the example considered here. 

tude of the iracking station, the station will shift 400m 
in longitude for each second of time error in the quan- 
tity UT1 -- t,. This situation is approximated during the 
cruise phase of a planetary mission after the spacecraft 
orbit has been "defined in space" due to the influence of 
the sun or similarily in a planetary flight as the space- 
craft approaches the planet. 

The error in range differences measured by the DSN 
stations in "space" is a function of the error S t  in 
t, - UTl  = (A.l - UT1) - (A.1 - t,). A "bias" in 
t, - UT1 would show up in the orbit determination 
solutions as a shift in station longitude. This discussion 
will limit itself to the assumed unknown "daily" variation 
of t ,  - UT1. The ability of the stations of synchronize 
themselves to the National Bureau of Standards UTC 

The preceding discussion does not differentiate be- timing signal is a limiting factor t~n~til time synchroniza- 
twee~i an error in UTI: or in t ,  with respectto an "abso- tion by use of the ranging system is ava.ila.ble. After that, 
lute reference time." In the case of an orbit program, the variations of ii.4 - UTI dominate. 



I!, Polar Motion Errors I - - - '  I 7 
The earth's principal axis is not coincident with the 

spin axis; it moves with respect to the latter, cattsing 
the so-called polar motion. The precision with which we 
are seeking to evaluate DSN stations requires considera- 
tion of this polar motion and its effects. 

Polar motion, which is different from the earth's pre- 
cession and nutation (Ref. 2), is observed indirectly 
through determinations of the variations in latitude of 2 
various observatories. If we take the nominal station 2 
location of any observatory or DSN station in earth-fixed 
system (EFS) coordinates (Ref. 3) and then observe its 
location in the instantaneous (INS) coordinates, there 
will be a difference. It  is clear that such a coordinate 
difference is caused by polar motion. The following 
equations give the relations between the instantaneous 
north pole position and the INS - EFS coordinate dif- 
ferences for latitude, longitude, and r,: 

-101 I I I 

Ah = hINs - hEFS = tan cp (X sin h - Y cos A)  (1) 
0 5 10 15 

METERS 

A+ = - + E ~ S  = X cos h - Y sin h (2) Fig. 3. Path of the North Pole for the period 
1959 to 1962 

AT, = -A+ sin 4 (3) 

where X, Y are polar coordinates; +, A are station lati- Ill. Procedures for Implementing Corrections to 
tude and longitude; and r ,  is the distance from earth's the Data 
spin axis to a station or observatory. 

A. Timing 

Figure 3 plots the path of the north pole for the period 
1959 to 1962. The X-Y plane is tangent to the north pole 
with the x axis along the Greenwich meridian. I t  is seen 
that the pole completes a revolution for 1.1 to 1.2 years 
with an amplitude ranging from 5 to 20 m. Such an ap- 
preciable motion will obviously cause variations in DSN 
station location with the same order of magnitude of the 
polar motion. As an example, Fig. 4 shows the station 
location variations at the Goldstone DSCC for the period 
1960 to 1966. The deviation of 10 rn seen in the figure is 
typical. The maximum, however, ranges up to 23.5 m for 
some station pairs. Besides, polar motion has a correla- 
tion with timing, since UTI  is, by definition, obtained 
from observed data (UTO) after polar motion correction. 
The relation between UTI  and WTO is given as 

1.  Selection of data source. Currently, the quantity 
A.1 - UT1 is determined by many agencies and obser- 
vatories. The quality of A.l - UT1 varies from observa- 
tory to observatory, depending on their instruments and 
the local weather conditions throughout the year. Among 
them, only two agencies were considered for our use 
because of their relative excellence in the observed data. 
They are the U. S. Naval Observatory (USNO), and the 
Bureau International de 1'Heure (BIH). The USNO, 
which has been in close contact with JPL in supplying 
data for earlier missions, has two stations, one at 
Washington, D. C., and one at Richmond, Florida. Both 
stations use PZT (photographic zenith tube) to do the 
time measurement, An appreciable difference between 
the smoothed value of A.1 -- U T l  of the two stations has 
been found, and the USNO-adopted A.1 - UTP is the 
linear combination of the two results by weighting 

tan gi (X sin A - Y cos A) Richmond 2 and Miashington I (i.e., USNO A.I - UTE 
UTP = UTO -i- 

15 (4) = 2/3 Richmond (A.l - UTl)  i- 1/3 Mrashington 
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Fig. 4. Station location variations caused by polar motion, 1960 to 1966 

(A.1 - UT1)). The relative weighting of the two sta- 
tions has no theoretical or experimental justification. It  
was adopted because previous experience has shown 
Richmond to have more observations and better results 
than Washington. Thus, the USNO-adopted A.1 - UT1 
may tend to have a bias toward one station's result when 
the other station has no observations because of bad 
weather. Therefore, when we use the USNO data, we 
use the result from one station (Ricl~mond) all the time. 

The BIN-adopted A.1 - UT1 results from combined 
UT observation of over 40 stations around the world, 

including Washington and Richmond. A very sophisti- 
cated computing program (Ref. 4) is employed by the 
BIH to solve for A.1 - UT1. As claimed by BIH, their 
results are superior than those of USNO. The claimed 
uncertainty of A.l - UT1 from these sources is shown 
in Table 1. The estimated uncertainties in Table 1 clearly 
suggest that we should use BIH-adopted A.1 - UT1. 
However, after a practical test with the previous mission 
results, Richmond A.1 - U T 1  (smoothed by JPL) turned 
out to be more consistent with the mission data than the 
BIH-adopted value. This implied that a long-term differ- 
ence between the two data sources might exist. 
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Table I .  Claimed short-term A.1 - UTI  uncertainties 

Time when 

A.1 -- UTl was 
determined 

O n e  night 

1 year later; 

final smoothed 

data 

Finally, we decided that it is wise to stay with a single 
station that produces consistent results. Thus the nightly 
observed A.l - UT1 from Richmond was the source of 
timing data for the Mariner Mars 1969 mission. 

2. Procedures of processing the data. A monthly recap 
of a daily report of observed raw data of A.l - UT1 of 
Richmond together with that of Washington was received 
from USNO on keypunched cards around the 15th of 
each month. The JPL Timing Polynomial Computer 
Program (TPOLY) computes quadratic polynomials (first 
derivative continuous at the monthly breakpoints) for the 
received A.1 - UT1 data by employing a least-squares 
fitting technique (Ref. 5). In the meantime, TPOLY also 
generates the required prediction of A.1 - UT1 for the 
mission. The output of TPOLY, which is the fitted value 
of Richmond A.1 - UT1 and the predicted values, be- 
comes the JPL-adopted A.1 - UT1. They are delivered 
to SPODP and DPODP for orbit determination via 
punched cards containing polynomials. 

During the encounter period of Mariner VI and VII 
(E - 30 to E + 6 days), a special arrangement was 
made to receive the up-to-date data from USNO daily 
by teletype and/or telephone. This was to eliminate un- 
necessary error accumulated in the predicted A.l - UTI 
to obtain better navigational accuracy during encounter. 

8. Polar Motion 

1. Selection of data source. The polar motion is mea- 
sured independently by two organizations. They are the 
International Polar Motion Service (IPMS) (Ref. 6) and 
the Bureau International de 1'Heure (BIK) (Ref. 4). IPMS 
utilizes measurements taken from five observatories, 
which are at the same latitude and share the same star 
catalog. BIH determines the polar rnotioi~ by averaging 
the results from over 25 stations with distinct latitudes 
and catalogs. In solving for the polar coordinates X and 

Y, BIH solves Eqs. (1) and (2) sin~ultaneously. CPhifS 
solves Ey, (2) alone, 

Figure 3 shows the comparison between the data from 
the two organizations in the period 1959 to 1962. Accord- 
ing to the data from 1956 to present, they differed by 
3 m in the worst case and 1% m on the average. 

Recently, as a research effort, the IPMS also computed 
the polar motion using the results from 26 of their sta- 
tions (including the 5 original stations) from 1962 to 
1968. Figure 5 shows the variations of the polar coordi- 
nates X, Y from BIH results and the research results of 
26 IPMS stations. I t  clearly indicates that the BIH results 
are in better consistency with the IPMS 26-station re- 
sults than with the IPMS 5-station results. I t  is probable, 
as pointed out by Yumi of IPMS (Ref. 6), that the polar 
coordinates from only a few stations (5) are apt to be 
affected strongly by a local error of a certain station. 
This implies that the results from BIH, which uses more 
than 25 stations to compute the polar path, are superior 
to those of the 5 IPMS stations. 

Therefore we chose the published results from BIH 
as JPL-adopted polar motion data. Washington and 
Richmond UT1 is determined from UTO via the BIH 
pole for consistency. 

According to B. Guinot of BIH*, the probable error on 
their published X and Y of polar motion is +O1.!O1 (or 
1/3 meter), which is the accidental error. But periodic 
systematic error may exist, because of the errors of the 
declinations of stars as a function of right ascension a, or 
to some seasonal changes in the zenithal refraction. 
There is no way to have a precise estimation of this 
systematic error, except by using many stations sharing 
the same star catalog. The total amplitude, as Guinot 
believed, does not exceed 0'102. 

2. Procedures of processing data. Together with raw 
data of A.1 - UT1, the BIH polar motion data were 
received from USNO on the same keypunched cards 
every month. TPOLY computes linear polynomials for 
the BIH polar motion data (X and Y). Although the BIW 
publishes final, as well as predicted polar motion data, 
we only use the final data and do our own prediction 
with the eircr~Iar are prediction mode1 in TPOLY (Ref. 5).  

"Personal communication. 
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Fig. 5. Comparison of polar motion coordinates between BIH and IPMS 
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This is done because the BIH data always has a discon- Illarine~. VZ). This reduced the prediction length at en- 
tinuity between their final and predicted data. counter from 2 months to 25 days. 

I I 

Since the BIH requires one month to prepare their 
final polar motion data, the prediction of polar motion 
for supplying up-to-date data becomes as important as 
that of A.1 - UT1. A possible correlation between earth- 
quakes and polar motion was investigated (Ref. 7) to 
search for a model to predict polar motion. Unfortu- 
nately, the possible correlation discovered was of no help 
in predicting the polar motion. An empirical method- 
the circular arc extrapolation-was employed to do the 
prediction. The JPL-predicted polar motion data are ex- 
pected to be good to l/z m within one-month prediction, 
provided that the pole moves along its regular circular 
(relatively well-behaved) path. However, within one- 
month prediction, the maximum deviation from final 
data should not exceed I rn. 

66.5 67 68 69 

YEAR 

During the er~co~rnicr period, a special colnputerr ~ r r n  
was made at BII-S to supply us with the final (last 
date on luly 7) polar motion data on July 29 (E - 2 of 

!V. Perturbation in JPL-Adopted Timing Data 

I t  was found, as expected, that the JPL-adopted 
A.1 - UT1 data are perturbed each time newly received 
data are used for TPOLY input (Ref. 5). This is because 
the least-squares fitting curve will alter its path to fit the 
new data points. An analysis was made on such pertur- 
bation from launch to encounter of Mariner VI and VZI 
(Ref. 8). The greatest magnitude of the perturbation 
reached 14 ms, which is twice as great as the uncertainty 
allowed by mission requirements, and the perturbation 
penetrated backward (at a lesser amplitude) two to three 
weeks from the last daia point. Figure 6 shows the varia- 
tions of the perturbed A.4 - TJTI, obtained by subtract- 
ing the values of A.1 - UT4 given by a TPOEY run 
made on X day from the corresponding results of the 
nc2xt TPOLY run (made on Y day). For instance, let us 
loolc at curve C in Fig. 6, which represents the difference 
between the results of the two TPOLU runs made on 
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Fig. 6. Perturbation in JPL-adopted A.l  - UT1 due to new input data 



July 17 and July 22. For a particular date, say July 7, the o~ttput, is actually the accuracy of prediction and cannot 
difference (relative perturbation) in A.1 -- UTI between be considered as perturbation. Therefore. the conclusion 
the two TPOLY xuns is found to be 2 rns (the value of can be reached that the JPL final A.I - UTI values will 
curve G on X -- 10 day). In other words, the JPL-adopted refilain unchanged when they pass through the perturbs- 
final A.I  - UTI on July 7, which ideally should not tion region; i.e., when they are about 30 days away from 
change with time, decreased by 2 ms, when a later the last final data point. 
TPOLY run was made on July 22. 

As can be seen, the perturbations in JPL-adopted final 
A.1 - UT1, which start from X day (X = July 17 for 
curve C), converge to within +1 ms after one month 
backward from X day. The biggest value of these rela- 
tive perturbations is found to be 7.5 ms on July 17. The 
portion of those curves after X day, which represent 
the difference between JPL final A.1 - UT1 of Y day 
TPOLY output and JPL predicted A.l - UT1 of X day 

Figure 7 shows the true perturbations of A.1 - UT1, 
the perturbations with respect to a fixed reference (the 
results of TPOLY made on September 4, one month after 
encounter). The greatest perturbation, which occurred 
two weeks before encounter, reached 14 ms, twice as 
high as the required accuracy. On that day the 5-day 
and 10-day predictions deviated from the true values by 
21 and 30 ms, respectively. 

Fig. 9. Variation of A.l  -- UT1 perturbations on X days with respect 
lo TPOLV results sn September 4, 1968 
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The Ionosphere 
B .  D. Mulhall, V. J. Ondrasik, and K. L. ~huleen' 

I. Charged-Particle Effect on Radio Signals 

The charged particles in the ionosphere and the inter- 
planetary space plasma along the ray path of the radio 
signal transmitted to and received from a spacecraft 
have various effects upon the signal. Among these effects 
are absorption, refraction, scintillation, polarization rota- 
tion, phase path-length decrease, and group path delay. 
For orbit determination, the two effects of concern are 
phase path decrease and group path delay. 

Reference 1 describes the effect of a plasma on radio- 
wave phase and group paths. Briefly, the plasma delays 
the propagation of the energy in the wave. This effect is 
called group path dela)~. The phase of the wave propa- 
gates at a faster rate. This increase in phase velocity, or 
decrease in phase path, is a function of the wave fre- 
quency and so the plasma has a dispersive effect on the 
spectrrun of the radio signal. 

As the number. of chargcci particles along the ray path 
changes, the phase path changes and shifts the S-band 
carrier frequency. This frequency shift cannot be distin- 

guished from the doppler effect unless the change in the 
number of charged particles is determined. Similarly, 
the charged particles delay the energy of the S-band 
signal, a result that increases the round-trip time (the 
group path length) and corrupts range data, since these 
measurements are based on the time required for the 
energy to propagate from the tracking station to the space- 
craft and return. 

I I .  Charged-Particle Effect on Interplanetary 
Navigation 

In a preceding article,l an explanation is given of the 
method for converting a doppler error into equivalent 
station location errors by employing the Hamilton- 
Melbourne model of the information content of doppler 
data (Ref. 2). This technique is used extensively to de- 
scribe the ionospheric effect on navigation in the follow- 
ing cliscussior-r. 

1"Tracking System Analytic Calibration Llescription," by D. FV. 
Trask and B. D. X4ulhall. 
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The ionosphere causes two types of navigational errors: 
random and systeixic. Random errors in the doppler 
observable can be reduced by taking data over many 
passes. Systematic errors cannot be reduced by averag- 
ing. If the systematic error is essentially constant over 
each pass, it will corrupt the estimate of geocentric range 
rate, the a parameter of the Hamilton-Melbourne model, 
rather than station location. However, if the error is a 
time-varying function with a diurnal period, then esti- 
mates of station spin radius r,  will be corrupted by 
antisymmetric (odd) errors, and station longitude A by 
symmetric (even) errors. 

The earth's ionosphere is caused by ultraviolet light 
from the sun ionizing the upper atmosphere. Conse- 
quently, the density of charged particles in the ionosphere 
increases and decreases with a diurnal period. For post- 
flight analysi~,~ the diurnal variation of the ionosphere 
will corrupt the station location estimates. For in-flight 
orbit determination, the ionospheric effect will corrupt 
the estimate of the probes orbit. 

The tracking data from the Mariner IV and V mis- 
sions have been calibrated for ionospheric effect. The 
Adariner IV spacecraft flew by the planet Mars in 
July 1965. That year was a period of very low solar 
activity and, consequently, concentrations of charged 
particles in the earth's ionosphere were low. The iono- 
spheric calibration for Mariner IV caused a change of 
about 1 m in the estimate of station location, both in 
distance from the earth's spin axis (spin radius) r, and 
longitude A. 

Mariner V flew during 1967, a period of much higher 
solar activity. The ionospheric calibration for this mission 
resulted in changes of about 6 m in both spin radius and 
longitude. The day-by-day effect of the ionosphere on 
station location for this mission is shown in Fig. 1. From 
this graph it is apparent that errors greater than 10 m 
occurred on single days. 

It  was anticipated that solar activity in 1969 would be 
as great as in 1967; therefore, the A4ariner Mars 1969 
navigational accuracy goal of 1.5 m in spin radius and 
3 m in longitude dictated that ionospheric calibration be 
performed. The 6- to 10-m errors in spin radius and 
longitude caused by the ionosphere in 1967 could have 
resulted in errors ( la)  of 170 to 255 km in spacecraft 
declination and right ascension for Alaritzer Mars 1969 
at encounter. 

%~ee discussion in "Station Locations," by N. Xfottingcr and 
W. L. Sjogren. 

1967 DATE 

16 

Fig. 1. Ionospheric effect on station location-Mariner V 

1 
(o)  SPIN RADIUS 

I l l .  Methods for Measuring and Estimating 
Charged Particles 

There are many techniques for measuring charged 
particles in the earth's ionosphere and interplanetary 
space. Four techniques that have been studied as part 
of the TSAC effort are: 

(1) Dual frequency. 

(2) Group velocity vs phase velocity. 

(3) Faraday rotation. 

(4) Vertical soundings, ionosonde. 

These techniques are discussed in the following 
paragraphs. 

A, Dual-Frequency Measurements 

The ray path length change due to interaction of a radio 
signal with charged particles is frequency dependent 
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(Ref. 3) and is expressed as SSJimberly discuss the experiment being performed to 
determme the effectiveness of this method in actual 
operation, However, even if this method is successful, 

N(s )  d s  (1) ranging at planetary distances can be performed only 
from the Mars DSS at the Goldstone Complex so that 

where other methods must be found for calibration at the over- 
seas stations. 

~l = the change in path length, positive for group 
path and negative for phase path, m C. Faraday Rotation 

k = 40.3 in mks units The plane of polarization of a radio signal passing 
through a charged-particle medium in the presence of a 

f = signal frequency, Hz magnetic field is rotated by the Faraday effect. If the 
N(s)  = local density of electrons along the ray path, radio wave is linearly polarized and the initial polariza- 

electrons/m3 tion is constant with respect to some known frame of 

ds = increment of path length, m 

- 

reference, then the polarization of the received signal can 
be used to measure the combined effect of the number of 
charged particles and the strength of the magnetic field 

Consequently, when two signals at different frequen- 
encounter along the ray path (Ref. 3) according to 

cies are transmitted coherently through a medium they 
will lose coherency. The shift in phase of one signal with 
respect to the other is a measure of the integrated 
charged-particle content, expressed as 

J I ~ ~ I I  

along the path. 

where 

n = Faraday rotation of the plane of polariza- 
tion, rad 

e = angle between the signal wave normal 
Dual-frequency experiments have been performed and H, the magnetic field vector 

with the Mariner V spacecraft and many of the Pioneer 
series. When these data have been reduced they can be I /HI / cos @ = tangential component of the magnetic field 
used to calibrate the tracking data for these missions. along the ray path, A-turns/m 
The two Mariner Mars 1969 spacecraft do not carry R = 2.97 X in mks units 
dual-frequency experiments, so other measurement 
sources are required. By computing the tangential component of the earth's 

magnetic field along the ray path, we can find 
B. Group Velocity vs Phase Velocity 

Equation (1) provides a second means for measuring 
total electron content E, along the ray path. Since the 
path-length change has opposite signs for phase and 
group path lengths, variations in E, can be deduced if 
the variations in both the phase and group path lengths 
can be measured. A turn-around ranging system, such as 
those carried by Mariners VI and VII,  provides a mea- 
sure of the group path length between the tracking sta- 
tion and the spacecraft. The doppler measurement made 
on the spacecraft S-band carrier is affected by changes 
in E,. From a comparison of integrated doppler with 
differenced range measurements; the time rate of change 
of E ,  can be determined, and from dE, /d t ,  a doppler 
calibration can be computed. In Ref. 4, MacDoran and 

For convenience, IlHIl cos 6 is computed for one point 
along the path through the ionosphere, which simplifies 
Eq. (2) to the form 

The approximation made in Eq. ( 3 )  is being evaluated and 
will be the subject of a subsequent report. Preliminary 
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results indicate that for the range of interest of the 
ionospheric calibration effort, the approxinlation will be 
sufficientlj~ accurate. 

Unfortunately, both the high- and low-gain antennas 
on the Mariner Mars 1969 spacecraft are circularly polar- 
ized, which prevents measurement of the Faraday rota- 
tion effect. However, there are several geostationary 
satellites transmitting beacons that are linearly polarized. 
A receiver-polarimeter has been installed at the Venus 
DSS to provide measurements of the ionosphere to cali- 
brate tracking data received at Goldstone. 

D. lonosonde 

Before the advent of artificial satellites, the only 
method of measuring the ionosphere was vertical sound- 
ing called ionosonde. A radio signal is transmitted ver- 
tically, reflected by the ionosphere, and received by the 
transmitting station. This process is repeated while in- 
creasing the transmitted frequency until the signal 
pierces the ionosphere. The density of electrons required 
to reflect a particular frequency is (Ref. 1) 

N  = density of electrons, electrons/ms 

f = reflected frequency, Hz 

By measuring the time of flight for each reflected fre- 
quency, we can determine N ( h ) ,  the altitude dependence 
of the electron density. This method measures N ( h )  for 
the lower or bottom side of the ionosphere, that is, up 
to the F,  layer. The topside, above the F ,  layer, must be 
estimated by employing a model for N ( h )  in this region. 

Comparisons of total electron content computed from 
ionosonde data vs E,  measured by Faraday rotation indi- 
cate that total content can be estimated with usable 
accuracy from vertical soundings. As shown by compar- 
ison of Faraday rotation measurements made by Stanford 
(mapped to the Point Arguello zenith) with Point Arguello 
ionosonde data (Figs. 2 and 3), E,  computed by the 
Environmental Sciences Service Administration (ESSA) 
from ionosonde data is in better agreement with Faraday 
rotati011 rneasirrernentc for quirt ionosphere.;, ruch ac 
July 1965 (Fig. 2), than for active ionospheres, such as 
October 1967 (Fig. 3). Note also that the nighttime esti- 

mates are very accurate. The comparison seems poorest 
durmg the morning, probabiy because the sunlight 
initiates ionization more rapidly above the F 2  layer, the 
region the ionosonde does not measure. 

E. Estimation Based on fop,, Data 

Measurements of the peak frequency reflected, f O F 2 ,  and 
calculated values of total content for DSN stations in 
South Africa, Spain, and Australia were provided during 
the Mariner Mars 1969 encounter. The f O F 2  data for the 
entire pass with one total content for the pass were 
available in near-real time. The value for total electron 
content E, for the entire pass was delayed until the 
additional computation could be performed. To estimate 
the ionosphere before the receipt of E ,  for the entire 
pass, the following procedure was used. 

As shown by Eq. (4 ) ,  the maximum electron density 
can be found from the f o p ,  data. The Chapman model for 
the altitude dependence of the ionosphere is 

where 

N(h) = local density of the ionosphere, electrons/m3 

N,,, = maximum electron density, electrons/m3 

h = altitude, km 

h,,, = altitude of the maximum density N,,,, km 

B = scale height, km 

To find total content from N ( h )  we integrate 

Since N ( 0 )  < lo-" the lower limit of integration can be 
taken as - co. By substituting x = e-'u2, we find 
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STANFORD FARADAY 
ROTATION MAPPED GEOMAGNETIC 
TO POINT ARGUELLO, LATITUDE = 3 deg 

-- 
CHANGE I N  

m - ESSA lOl'i050NDE LONGITUDE = -14 deo 
ii 

POINT ARGUELLO, 
CALIF. 

GMT , h 

Fig. 2. Comparison of ionospheric measurements, July 1965 

Fig. 3. Comparison of ionospheric measurements, Oct. 1967 

Thiis if E ,  and f U i  are known, R can he  calculated proportional to the square of the or critical, fre- 

directly. quency, as sl-to\im in Eq. (4). A good estimate of the 
frequency may be obtained at the ionosonde station itself 
and may be tilacle available in near-real ti:ne. Thus, the 

The maximum electron density is probably the most only missing factor in calculating the total electron con- 
easily ohtai~ied of any ionospheric quantity, since it is tent from E q  (6) is a determination of the scale height 
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(a) AUG 15, 1967 / (b) NO\/ I ,  1967 
0 

LOCAL TIME, h 

Fig. 4. Diurnal variation of scale height: (a) atypical day; (b) typical day 

B. Unfortunately, a determination of B is almost as diffi- 
cult to make as the determination of the total content 
itself. However, this is not a mortal blow to the compu- 
tation of the total electron content from Eq. (6), because 
the behavior of B is fairly predictable. 

Figure 4 shows the hourly variations of B as computed 
from Eq. (6), with Stanford Faraday rotation and 
Point Arguello f O F 2  measurements for August 15 and 
November 1, 1967. The fairly constant behavior of B 
(remaining within ~ 2 5 %  of the average) is true almost 
without exception for every day of the year. 

1.  Constant B method of determining total electron 
content. An approximate method for determining E, is 
to hold B constant throughout the day. The actual noon- 
time value of B for the day, as determined from Eq. (6), 
is used. The results shown for August 15 and November 
1, 1967, in Fig. 5, in comparison with Stanford Faraday 
rotation measurements. The comparison between the 
constant B and Faraday rotation total content values is 
reasonably good on November 1, which is representative 
of most of the days in the year, particularly for the fall, 
winter, and spring. This same comparison on August 15 
is not as satisfactory. I-Iowever, this day was chosen to 
characterize one of the bad summer days and was not 
of much concern. since the Illnriner Mars 1969 en- 
co~rnters occurred during the winter in the southern 
hemisphere. 

2. Modified constant B method of obtaining total elec- 
tron content. The constant B method of obtaining the 
total electron content may be improved by noting that 
the largest deviations from the Faraday rotation values 
occur at the rise and fall of the peak where the values of 
B are depressed. Operationally it is much easier to over- 
come this defect, not by modifying B,  but by plotting 
the values of f O F 2  and modifying them so that certain 
rules will be satisfied. 

These rules were developed by examining Stanford 
Faraday rotation measurements for 312 days in 1967. 
This examination showed that usually ( 2 8 0 %  of the 
time) the total electron content as a function of the time 
of day has a grossly similar pattern. For these normal 
days the total electron content follows the rules listed 
below, with exceptions occurring as noted: 

(1) At about 20 min before sunrise, E, starts to rise 
rather steeply from a fairly constant nighttime 
level. (There were five days when this did not 
occur.) 

(2) The value of E ,  continues to rise in a generally 
monotonic fashion until a fairly rounded top is 
reached, with the maximum vaitre occurring be- 
tween L1:OO and 15:OO. Violations were a$ fo l lo~s :  

(a) Maximum occurrecl 11 tiines before 11:00 or 
after 15:OO. 

50 JPL IECHNICWl REPORT 32-11499 



-7-?-------i-- 
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/ 0 FARADAY ROTATION 

CONSTANT B 

A MODIFIED CONSTANT B 
(WHEN DIFFERENT FROM ABOVE) 

0 1 I I I I I I I 
0 4 8 12 16 20 24 

LOCAL TIME, h 

Fig. 5. Estimation of total electron content: (a) atypical day; (b) typical day 

(b) Pointed or distorted peaks occurred 15 times. station. This method will be called the "modified con- 
stant B" method of obtaining total electron content. 

(c) Double peaks occurred 4 times. Typical modifications to the f O F O  values are shown in 
(3) The maximum value of E ,  was at least 3 times the Fig. 6 with the resulting change in total electron content 

minimum value. (There were 6 days when this did values shown in Fig. 5. As can be seen, this method con- 
not occur.) siderably improves the August 15 results. 

(4) After the peak has been reached, E, usually starts 
to descend rather slowly and is down to a night- 
time level shortly after sunset. (During the summer 
months the peak often continued until the early 
morning hours.) 

(5 )  TIle value of E,  may have an early morning hump 
with a small clip just before sunrise. 

Fortur~ately, rimst of the violations to these rules took 
place in the summer, while the Mariner Mars 1969 en- 
counters were winter events for the southern hemisphere 

3. Daily scale height. In the preceding paragraphs it 
was assumed that at least one value of the total electron 
content was available during the day, from which the scale 
height could be determined. However, since the value 
of B for the particular time of day does not change 
much from day to day, the nlodified constant B method 
is still applicable, if weekly or even monthly values of B 
are used. Certainly the accuracy of the approximation is 
degraded in proportion to  the warcity of the B values. 
Figure 4 shows the daily variation of the noonti~ne 
values of B at Stanford University for most of July and 

JBL TECHNICAL REPORT 32- f 499 5 P 



12 I I I I r 
(a) AUG 15, 1967 

I POINT ARGUELLO 

f0F2 

A MODIFIED fOF2 

LOCAL TIME, h 

Fig. 6. Diurnal variation in fOF2: (a) atypical day; (b) typical day 

DAYS, JULY 1967 DAYS, OCT - N O V  1967 

Fig. 7. Seasonal variation in scale height: (a) summer; (b) fail 
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October 1964. The standard deviations from the average It was estimated that this nlethod enabled total electron 
value is '7% in October and. LCSG/o in July. Of course, the content values to be determined generally within 30%. 
errors in the value of R could be as much as 60% in ruly - .  

and 37% in October if the reference B was determined 
F. Estimation Based an Model Predietisn 

on a day when it was a maximum or minimum. Once 
again, the variation of B, this time in a daily sense, ap- 
pears to be larger in the summer than in the fall, winter, 
or spring. 

4. Southern hemisphere data. The ionospheric data 
available for the southern hemisphere tracking stations 
for the Mariner Mars 1969 mission were as follows: 

(1) From Johannesburg, South A f r i ~ a , ~  for most days 
the data consisted of hourly values of f O F p  starting 
on May 1, 1969, with noontime values of the total 

Even for Goldstone there was some delay in obtaining 
ionospheric data during the Mariner Mars 1969 mission. 
To perform calibration for real-time orbit determination, 
an attempt was made to predict the ionosphere. Figure 1 
shows the effect of the ionosphere on apparent station 
location during the Mariner V mission. The effect on 
spin radius r ,  is fairly consistent, especially over short 
periods, less than a week, for example. Longitude effect 
varies more dramatically, but would seem to also be 
predictable. 

'Ontent computed by the Titheridge The following scheme was investigated to predict the 
method. ionospheric effect. As each day's data were received, 

- 

(2) From Canberra, Australia: the data consisted of they were fitted to a temporal model of the ionosphere. 
hourly values of f O F Z  with scattered daytime values This model is stated as 
of Faraday rotation measurements around the be- 
ginning of August, from which it was decided to D, + A, cos ( w t  - a) 
use a scale height of 40 km during July and August (whichever is greater) 

for both Australian stations. 
where 

(3) From Woomera, A~st ra l ia ,~  the data consisted of 
hourly values of f,,r2 starting on July 15. E,,,, = modelled total electron content, 

electrons/m2 
During July and early August, the data were supplied 

daily, except for the encounter days when data were sent Dc, Ac, and Q, = parameters of the model 
hourly with a 3- or 4-h delay from the actual measure- 
ment times. 

Even though the modified constant B method of 
obtaining total electron content was developed from 
California data, it was decided to use this method for 
the following reasons: 

(1) The small amount of southern hemisphere total 
electron content measurements seems to support 
the method. 

(2) A southern hemisphere ionosphere expertG agreed 
that this was probably the best approach. 

(3) This method was the only one known to us that 
would give reasonable lesults with the available 
data. 

jniational Institute for Telecoi~~mun~catlons, ~ohannesburg 

*Austral~an Buieau of Meteorology, bft StlolnIo lonosonde Statlon 
'Austral~ao Biiicau ot \Ittcorology, \Vooi-n~~a lonosoriiic Station 

CTrofessol Ellbberd, Urllversity of New England, AlmmdaIe, Yew 
South Wales, Australla. 

w = earth's rotational rate 

Physically, D, represents an estimate of the nighttime 
level of E,, which is nearly constant; A, is the amplitude 
of the diurnal pulse that occurs during the day. The 
parameter Q, is varied to estimate the time of the maxi- 
mum ionization, which can occur any time between 
11 a.m. and 3:30 p.m. local time. 

I t  was hoped that by observing the day-to-day varia- 
tion of these parameters, the predicted value of each 
parameter could be determined and the modelled elec- 
tron content E,,,, could be computed. 

Figure 8 shows the day-by-day variation in D,, A,, and 
from July 1 to August 5, 1969, for the ionospheric mea- 

surements made at Goldstone. Because of the sporadic 
behavior of these parameters, no attempt was made to 
predict the ionospllere for the Rlminer " / I  or Vir* encoun- 
ters. More analysis is required before a reliable predic- 
tion technique is formulated. 

JPL TECHNICAL REPORT 32-1499 



<> 

3.0 - 

'Y 

3 2.5 - 5 
+ 
w - 
w 2.0 - 

r. ,.. 
0 

2 1 . 5 c  
n z 
Q 1.0 - 
n 

I h  
d 9%" 

0.5 - 

1 l l 1 l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 
JULY JULY AU G 

DATE, 1969 

Fig. 8. Diurnal variation in ionospheric model parameters 

/ I 
LVCAL 

MERIDIAN 

k 
Fig. 9. Calsulsrtisn of ionospheric reference point 

JPb TECHNICAL REPORT 32-1499 



IV, Mapping of Measurements 

Ideally, calibration of the spacecraft signal should be 
computed from measurements made along the signal's 
ray path. Both the Faraday rotation and ionosonde mea- 
surements must be related to the ionosphere actually 
pierced by the Mariner spacecraft signal. A computer 
program called ION (described in Section VII-B) has 
been developed to calculate the differences between the 
ionospheric conditions at the point where a measurement 
was taken and the points where the spacecraft signal 
pierced the ionosphere during an entire pass. Adjust- 
ments are due to differences in the length of the ray path 
through the ionosphere, in the local hour angle of the 
sun, and in the geomagnetic latitude. 

A. Computation of the Ionospheric Reference Point 

To relate ionospheric measurements to tracking data, 
ionosphere reference points are calculated for both the 
measurement and the probe-station line of sight. The 
ionosphere reference point is defined as the point on 
the earth's surface directly below the point where the 
radio signal ray path is at reference altitude, typically 
400 km. Ionospheric conditions at this point are used to 
typify conditions along the entire ray path. The validity 
of this assumption is under investigation and is discussed 
later. 

The ionosphere reference point is computed as follows 
(see Fig. 9): 

cos As cos +s 

cos (A, - a) cos 6 

cos A, cos 4, 

where 

- 
R =. a vector from the center of the earth to 

the ionosphere reference point: 

- 
/ R / .= R .= h + Re, h .= 400 km, Re = earth's 

radius 

- - p - a vector from the station to the subiono- 
sphere point: /TI = p = -Re  sin -y 

+ (2hRe + h2 + Rt sinZ y)1/2, y = eleva- 
tion angle of probe 

- 
r = a vector from the center of the earth to 

the station: 171 = Re 

A, and +, = station longitude and latitude 

a: and 6 = probe's topocentric hour angle and dec- 
lination 

A, and +, = longitude and latitude of the subiono- 
sphere point: 

p sin (A, - a:) cos 6 + Re sin As cos +, 
A, = tan-' [ p cos (A, - a) cos 6 + Re cos As cos +. I 

(p sin s + Re sin 4,) I 
The elevation angle y is computed from a: and 6 by 

the spherical trigonometry relationships: 

sin y = sin +, sin 6 + cos +, cos 6 cos a 

B. Ray Path-Length Adjustment 

The length of the ray path through the ionosphere is 
a function of elevation angle if the latitude and longi- 
tude variation in the ionosphere are neglected. Liu and 
Cain7 have determined the ray path length as a function 
of elevation angle R(y) for various Chapman ionospheres 
by employing a ray trace program. The resulting R(y) 
for the Chapman model was approximated by an Rt(y) 
based on a homogeneous or uniform ionosphere (by uni- 
form is meant a constant charged-particle density from 
the lower limit h, to the upper, h,): 

Table I shows the values of lal and h, that will result 
in the Rr(y) that best approximates the R(y)  for various 
values of h,,,,, and a scale height of 39 km. 

7Liu, A., and Gain, D., JPL internal docunlent, Mar. 23, 1966. 
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Tabie I .  Values of h1 and h2 for various h,,, 

Currently, the R(y) for an h,,,,, of 300 km is being used ELEVATION ANGLE, deg 

and is shown in Fig. 10; R'(y) is computed for the mea- 
Fig. 10. Comparison of the elevation angle and adjust- 

surement and the station-probe line of sight. The ratio 
ment ratio for a homogeneous and a chapman iono- 

of these two numbers is used to adjust the measurement 
sphere 

ray path length to the probe's ray path length. 

Consider a tracking station located on the equator 
C. Time Adjustment 

viewing a spacecraft at zero declination (Fig. 11). Iono- 
Besides ray path-length adjustment, there is an addi- spheric measurements are obtained from an observatory 

tional time difference seen by the spacecraft signal that on the equator monitoring a geostationary satellite. The 
must be accounted for. ionospheric reference points, A and B, are defined by the 

SPACECRAFT 

Fig. 'I 1. Geometry for longitude time adjustment 
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coordinates (latitude and longitrtde) on the earth's sur- 
face directiy beiow the point where the ray path reaches 
a reference altitude, usually taken as 400 km. 

The diurnal variation of the ionosphere is caused by 
the sun. The local hour angle of the sun A, for iono- 
spheric reference points A and B is shown in Fig. 11. 
Both ,lo,., and no, vary as the earth rotates. Measure- 
ments of the ionosphere made at point B must be related 
to point A by the instantaneous difference in local hour 
angles of the sun for the two ionospheric reference 
points. This difference is expressed by 

where Ad and A, are the longitudes of the two iono- 
spheric reference points, and AT is the time adjustment 
which must be made to the ionospheric measurement. 

D. Magnetic Latitude Adjustment 

The third adjustment made as part of the mapping 
procedure is the adjustment for differences in geomag- 
netic latitude between the measurement and the probe's 
ray path. The geomagnetic latitude is determined for the 
measurement and probe's ionospheric reference point 
from 

sin +,,, = cos +N cos +R cos (AN - hR) 4- sin + X  sin +E 

where +,,, is the geomagnetic latitude; +N and AN are the 
geocentric latitude and longitude of the north magnetic 
pole (7g0N, 291°E); +R and An are the geocentric lati- 
tude and longitude of the ionospheric reference point. 

The adjustment is then computed from 

where G is the adjustment ratio for geomagnetic latitude, 
and +,,, and are the magnetic latitudes of the probe's 
and the measurement's reference points. 

The path-length change a1 is computed from 

where 

E L  =: measured columnar electron content used to 
compute the calibration 

AT = time adjustment 

R ~ ( Y )  - = ratio of path-length adjustments for the probe 
R s ( ~ )  P and the data source S 

G = ratio of geomagnetic latitude adjustments 

k = 40.3 in mks units 

V. Computation of the Calibration 

When the ION program (see Section VII-B) has 
mapped the measurements to the probe's ray path, the 
range and doppler calibrations are computed. 

From Fig. 12 it can be seen that the charged-particle 
effect for one sample of two-way doppler Af, taken over 
a count time of T, involves the change in path length, 
~ l ,  resulting from four passes through the ionosphere 
(keyed by number in Fig. 12): 

(1) The down-link pass at the end of the count time 
(received at t). 

(2) The up-link pass corresponding to (1) (transmitted 
at t - T ,  where T is the round trip time). 

(3) The down-link pass at the start of T, (received at 
t - T,). 

(4) The up-link pass corresponding to (3) (transmitted 
at t - T - T,). 

%s 
SPACECRAFT 

i - .*  - 7  I 
C t - T  i 

Fig. 11 2. Caleulgltietn of Afz  



The effect in Hertz is then 

where 

AZ = change in phase path length due to the charged 
particles, a negative quantity, m 

f = received carrier frequency, Hz 

c = speed of light, m/s 

A turn-around ranging effect, Ap, is computed only for 
passes (1) and (2) listed above. The effect in meters is 

where 

AZ = change in group path length due to the charged 
particles, a positive quantity, m 

To calibrate ranging data, Ap is converted to the 
change in round-trip light time AT by dividing by the 
speed of light. 

For operational convenience, the program computes 
the correction independent of the actual time a sample 
was recorded, t. Instead, an arbitrarily selected time t' is 
used in Eqs. (7) and (8). Values of T,, f, and 7 must be 
entered as input data. 

At present, the range and doppler effects are each fit- 
ted with a Tehebychev series up to order nineteen and 
the coefficients of the two series are punched on cards 
together with appropriate identification. 

At the time of the Ala~iner Mars 1969 encounter, a 
power series was being used to fit the calibrations. 
The power series was not always capable of satisfactory 
fits. However, it was considered too risky to undertake 
the reprogramming that would have been required prior 
to encounter. 

VI. Evaluation of the Calibration 

The program HAMMEL uses the coefficients produced 
by ION to solve for the changes in a, b, and c due to 
the charged-particle effect. As discussed in Section 11, the 
changes in r ,  and A0 that will result from applying 
the calibration can be predicted. The three parameters 
a, b, and c are solved for in closed form as follows: 

where 

Sa, Sb, and 6c = minimum variance estimates of the 
changes in a, b, and c due to Sp  

~ f ,  = calibration to observed doppler 

A = Hamilton-Melbourne covariance ma- 
trix (Ref. 2) for a, b, and c for a sym- 
metric pass: 

-2 sin I/I 
0 1 - 

sin 21) 

2 

sin 2I/I 

(--&--- 
-2 sin # 

-~ n 
sin 2# 

1 i- - 
2# 
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where the dot product of AT and hf2 can be written as 

N = numbcr of observations spaced equally through 
the pass 

a% = variance of the doppler data noise 

- - 2ll2 sin I# 
p ~ n  - , the correlation of n and c 

+ = half-width of the pass, rad 

and 

[ a;; aAf2 aAf2  1 AT = - - - = [l sin ot cos ~ t ]  
2b ac 

11: 2 pjtj  cos wt dt 
j-o 1 

where 

n = order of the ~ f ,  power series 

Since the doppler calibration Af, is in analytic form Pi = coefficients of the series 

T = time of one-half the pass width 

Performing the integration gives 

The program HAMMEL evaluates the results of this 
i~itegration and premultiplies by A, thus obtaining Sa, 617, 
and 6c. From these, ST, and SAO are computed. The iden- 
tical approach is used by the Tchebychev version of 
HAMMEL. The power series approach is shown here 
since it is more easilj? fo1Iowed. The A4winer IV and 
A4ariner V encounter tracking data have been calibrated 
for ionospheric effect for the Goldstone DSCC stations. 
The resulting change in station Iocation for runs made 
by the Double Precision Orbit Determinatioll Program 
(DPODP) and I-IAMMEL are shown in Table 2. The 

7 - 

results are averages over the week of each encounter. 
The differences between DSS 12 and DSS 14 occur 
because these stations were not tracking on the same days. 

2stj 
j ~ o  

The results are quite close when one considers that the 
DPODP is solving for other parameters in addition to 
station locations. Also, HAMMEL conlputes the effect of 
applying the calibration over the entire pass. In actual 
practice, the calibration can be applied only to the track- 
ing data available, which is usually less than a full pass. 

1' 

- 1' 
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Table 2. Station location changes due to removing 
the charged-particle effect 

I Mariner IV encounter I 

I Mariner V encounter I 

DSS 11 

Spin radius 

Longitude 

0.65 

2.58 

DSS 12 

Spin radius 

0.398 

2.62 

Longitude 

DSS 14 

Spin radius 

Typical electron content profiles together with the 
range and doppler effects for the Mariner ZV and V en- 
counters are shown in Fig. 13. The electron contents 
(Figs. 13a, b, c) are shown for a 90-deg elevation angle 
over Goldstone DSCC. The ionospheric data were ob- 
tained from Stanford Faraday rotation measurements of 
geostationary satellites and mapped to the Goldstone 
DSCC zenith. The range corrections (Figs. 13d, e, f )  are 
different in shape from the electron content curves be- 
cause of the variation in elevation and azimuth angles of 
the spacecraft through the pass, which result in changes 
in the path length through the ionosphere and differ- 
ences in ionospheric conditions along the path. The 
doppler corrections (Figs. 13g, h, i) are obtained by 
differentiating the range corrections. The spans of track- 
ing data used by the DPODP are shown in Figs. 13g, 
h, and i. 

5.5 

Longitude 

The doppler correction curves show why the ionosphere 
affected r ,  more for Mariner V than for Mariner ZV. All 
three doppler curves have the appearance of antisym- 
metric complex wave forms. The amplitude of the wave 
form determines the change in b and hence in r,. For 
Mariner ZV, the doppler correction on July 14, 1965 
(Fig. 13g) has an amplitude of about 0.0023 Hz. This is 
typical for the entire week of the encounter. For 
Mariner V, the doppler corrections for October 17 and 
18, 1967 (Figs. 13h, i) have amplitudes of about 0.065 
and 0.06 Hz, respectively, and are also typical of the 
entire week. Consequently, the change i-i r., is about an 
order of magnitude greater for Mariner V than for 
Mariner IV. 

5.75 

- 5.3 

6.0 

Admittedly, the doppler correction curves are not very 
symmetric; but if we imagine an axis of symmetry lying 
between the two peaks, we can see that for the 
Mariner IV doppler correction (Fig. 13g) the axis of 
symmetry occurs about 20 min before meridian crossing. 
For Mariner V, the axis of symmetry on both days 
(Figs. 13h, i) occurs about 20 min after meridian cross- 
ing. This accounts for the difference in sign of the 
change in longitude for the two encounter periods. 

-2.5 

6.1 

-4.8 

The original purpose for developing HAMMEL was to 
assess the effect on DPODP solutions of the charged- 
particle calibration. This purpose has been realized. 
HAMMEL has also been found useful for the following 
purposes: 

- 4.4 

(1) To detect erroneous calibrations before they are 
entered in the DPODP. HAMMEL's running time 
on the IBM 7094 computer is less than a second 
per case, which makes it an effective means to 
detect bad calibration data. 

(2) To evaluate the accuracy of various calibration 
schemes. The present method of evaluation of the 
model of the ionosphere, which is being developed 
for in-flight calibration of tracking data when 
measurements cannot be obtained in real time, is 
to compare measured and modeled ionospheres 
throughout a diurnal cycle. HAMMEL can be used 
to compute the effects on DPODP solutions of 
calibrations based on measured and modeled iono- 
spheres. This will directly determine the errors in 
the solution caused by deficiencies in the iono- 
sphere model and provide better criteria for 
judging the model's performance than has been 
previously available. 

(3) To evaluate the effect of other error sources. 
HAMMEL can be used in a similar manner to 
evaluate the error sources for effects other than 
charged particles (e.g., tropospheric) as long as the 
effect can be written as a power series or, for 
the new version of HAMMEL, in a Tchebychev 
or power series. 

VII. Application sf the Calibration 

As shown in Fig. 14, three IBM 7094 computer pro- 
grams were specifically involved with providing iono- 
spheric calibrations to the DPODP: 

(1) PREION-a preprocessor that reads in ionospheric 
data in various formats, converts the data to a 
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Fig. 14. Ionospheric data flow diagram 

standard form, fits the data, and solves for the pa- The receiver-polarimeter determines rotations from 0 
rameters of the temporal model of the ionospheres. to 180 deg. The device then retraces from 180 back to 

0 deg. Samples are digitized every second and averaged 
(2) 10~- the  program that calculates the actual cali- over 1 min. Because of noise, the values recorded near 0 

brations to range and doppler. or 180 deg contain samples from both sides of the retrace. 

(3) HAMMEL-a post-processor that predicts the effect 
of applying the calibration to assist in analysis of 
DPODP results and to detect erroneous calibrations. 

A. PREION 

Ionospheric measurements are received via teletype 
and punched on paper tape in the SFOF. These tapes 
in teletype Baudot code are read into the PDP-7 com- 
puter, which uses a program called CONPAT to translate 
from Baudot to BCD code and to write a magnetic tape 
record of the data. The magnetic tape is transferred to 
the IBM 7094 computer, where it is read in under control 
of the PREION program. 

Data received from Goldstone are the unconditioned 
output of the receiver-polarimeter. This device measures 
Faraday rotations from 0 to 180 deg of the signal re- 
ceived from the ATS-1 satellite. This signal, transmitted 
at 137 MHz, undergoes approximately two to five rota- 
tions of increase and decrease during the day. Conse- 
quently, algorithms have been developed within PREION 
to resolve the ambiguities in the data and reconstruct 
the daily variation. PREIOT\T is not capable of detecting 
every retrace and some hand corrections are required to 
remove the remaining ambiguities. 

For example, the original record of a constantly in- 
creasing ionosphere appears to be a series of alternate 
increases (from 0 to 180 deg) and decreases (from 180 
to 0 deg). The decreases are actually retraces. But expe- 
rience is required before retraces in the original record 
can be distinguished from actual decreases in the mea- 
sured value. 

Figures 15-17 show original data records and recon- 
structed data, electron content in 1017 electrons/m2. The 
nighttime reading of the ionosphere is fairly constant 
(Fig. 15). However, the original data may stay very near 
the retrace point for a long period of time (Fig. 16). Noise 
causes the original data to fluctuate wildly through the 
full range when the actual measurement remains nearly 
constant, within a few degrees of the 0 to 180 deg point. 

Another difficult situation arises when the midday peak 
occurs at the retrace point. Multiple retraces will occur 
and appear as rapid changes (both increases and de- 
creases) between 0 and 480 deg when the actera1 mea- 
surement remains almost constant. Figure 16 shows two 
double retraces, one at 1 8 : O O  (GMT) and a second at 19:15. 
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GMT. h 

Fig. 15. Faraday rotation data: October 24, 1968 

If a retrace is not detected, the electron content will 
be in error by 5 X 10IG electrons/m2. This is a 20% error 
on a typical day. 

No single retrace detection scheme is effective because 
of the varying characteristics of the ionosphere during 
the day. For example, the electron content remains very 
nearly constant throughout the night and increases in the 
morning, reaching a peak between noon and 3:00 p.m. 
(Figs. 15-17). After this, the content decreases as the free 
electrons and ions recombine into neutral atoms. 

Consequently, the method used to detect retraces 
varies with the time of day. Four time areas have been 
defined, each with its own scheme. These areas are the 
nighi (I), the morning (II), the midday (III), ar,d the 
afternoon (TV). Although different standards are set to 
distinguish between changes in content and retraces for 
each of these time areas, the basic Iogic of the program 
is the same throughorit the day. A11 data are tested 
against the criteria for the time area in which they were 

recorded. Any data point out of tolerance initiates a 
retract test. This test is continued until three consecutive 
points are within tolerance. All the points out of toler- 
ance-the points colIected whiIe the retrace test was in 
progress-are evaluated as a group. If the group fails to 
pass, it is rejected as a retrace, a quadratic po1ynomiaI is 
fitted through the resulting gap, and one-half rotation 
is added to or subtracted from subsequent data. If the 
group passes, it is all accepted as valid data and no 
adjustment of absolute level is made. 

The strategy used in each of the time areas is as follows: 

I .  Time area I ,  10 p.m. to 5 a.m. local time. During 
time area I the electron content is at the minimum and 
its rate of change quite slow, Points encountered here 
are tested for slope. If the absolute vaIue of the slope 
exceeds 250 deg of rotatior~/h, the point is considered 
questionable and a retrace test initiated. If the excursion 
over the entire retrace test exceeds 90 deg of rotation, 
it is considered a retrace. 
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Fig. 16. Faraday rotation data: November 7, 1968 

2.  Time area II, 5 a.m. to 8 a.m., and time area IV, 
2 p.m. to 10 p.m. local tinze. During time area I1 and 
time area IV the electron content is steadily increasing 
and steadily decreasing, respectively. Points encountered 
in these areas are tested on the sign of the current slope. 
If the sign is not in agreement with the predicted sign, 
the point is considered questionable. Each successive 
point is tested for a retrace. The excursion is conlputed 
and if it exceeds 90 deg of rotation a retrace is detected. 

3. Time area IIZ, 8 a.m. to  2 p.m. local time. During 
time area I11 the electron content reaches its maximum 
value. Frequently, secondary peaks occur (Figs. 16 and 
17) and so a test of the sign of the slope is not adequate, 
since both increases and decreases may occur in any 
order. This time area is the most difficult in whic11 to 
assign definite characteristics. For this reason the testing 
is more extensive and coinplex than in the other time areas. 

Points in this area are tested initially on the absolute 
value of the current slope. It is assumed that any point 

giving an absolute value less than 667 deg of rotation/ 
h is valid data. This is a larger maximum slope than 
is used in area I. A point not passing this test is held as 
questionable, along with successive points. 

The routine for testing the successive data computes 
the excursion, and the time of excursion, for each point 
received. In this area if the excursion exceeds 90 deg and 
if the time of excursion is not greater than 10 min, the 
data group is considered a retrace. If both of these restric- 
tions are not met, the group of data is considered valid. 

As part of the initialization process, the program con- 
sults the ionosphere mode!, discussed in Section III-F, to 
determine the absolute electron content. This absolute 
level is used as the starting point. Retraces are then used 
to add or snhtract levels as the day progresses. If a large 
data gap occurs, the program reinitializes processing and 
the model is used to determine the absolute Ievel. 
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Fig. 17. Faraday rotation data: November 20, 1968 

The program will accept data records starting at any 
time of day, take the predicted electron content provided 
by the model, and process data with this starting point. 
The program checks to be sure that, as retrace levels are 
subtracted, the absolute level never falls below a mini- 
mum specified value. If this minimum is reached, the pro- 
gram considers the starting level provided by the model 
in error, and reprocesses all previous data, adding in one 
retrace level to all the measurement. 

An additional check is made to assure that the model 
has not predicted the ionosphere at too high a starting 
level. The ionosphere is least active early in the morning, 
about 2 a.m. local time; consequently, the model predicts 
the ionosphere most accurately at 2 a.m. As the data 
record reaches 2 a.m. local time. the program checks 
the absolute level against a new estimate provided by the 
model. This 12ew estimate is rtsed in preference to the 
original one. All previorrsly processed data are adjristed 
by the number of half-rotation levels by which the two 
estimates were in disagreement. 

Though PREION proved to be fairly successful, some 
shortcomings in the program should be noted. Figures 15 
and 17 show retraces that were missed and had to be 
eliminated by additional post-processing. Though the per- 
centage of retraces missed is probably well below 10% 
in spring, fall, and winter when the ionosphere model is 
most accurate, the performance of the program drops in 
the summer moilths when the ionosphere diurnal varia- 
tion has the appearance of a plateau (Fig. 18) rather than 
the mountainous appearance (Figs. 15-17) typical of non- 
summer months. Consequently, PREION could probably 
be improved if the different characteristics of the sum- 
mer ionosphere were incorporated in the logic of the 
program. 

Another difficulty uncovered was that due to missed 
retraces. The pre-midnight measurement at  the end of 
one day did no"tI\vays agree with the post-midr~ight 
r-ileasure~nent at the beginning of the next day. If 
PREION is revised in an attempt to fully automate the 
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Fig. 18. Total electron content, Goldstone, Calif., 
July 14, 1969 

program, the final value of the last day processed should 
be available to initialize processing of the following day. 

B. ION 

The program ION reads in the conditioned ionospheric 
data and information necessary to identify the pass of 
tracking data to be calibrated. This information consists 
of the DSN station, the date of the pass, the rise and set 
times for the spacecraft, the topocentric hour angle and 
declination for the spacecraft, the nominal frequency of 
the S-band signal received from the spacecraft, the time 
interval for which corrections are to be calculated, and 
the type of calibration to be produced, doppler or dop- 
pler and range. 

ION begins computation at spacecraft rise and stops 
at spacecraft set to produce a calibration for the entire 
horizon-to-horizon pass. As described in Section IV, the 
point where the spacecraft ray path pierced the iono- 
sphere is calculated. Adjustments are made for the dif- 
ferent ionospheric conditions at this point and the point 
where the measurement of the ionosphere was made. 

From the adjusted ionospheric data, a range correction 
is computed. This point-by-point correction is fitted with 
a polynomial. The range correction polynon~ial is differ- 
enced to obtain a doppler correction polynomial. The 
doppler polynomial's coefficients, together with informa- 
tion identifying the pass, are punched out. 

The program HAMMEL is described in detail in 
Section VI. The program fits the doppler polynomial 
prodrrced by ION with a constant, a sine wave, and a 
cosine wave. The amplitude of the sine \;vave determines 
the apparent change in station spin radius r.,, while the 
cosine determines the change in longitude A. If the values 

V889, Resuits 04 the Mariner VB and ViB 
ionospheric Calibration 

As previously described, ionospheric measurements 
were obtained from the Faraday rotation polarimeters at 
the Venus DSS and at the University of New England, 
Armidale, Australia, and from ionosonde vertical sound- 
ing stations at Tortosa, Spain, Mount Stromlo, Australia, 
Woomera, Australia, and Johannesburg, South Africa. 
These measurements were converted to total electron 
content, mapped to the Alariner ray path, and range and 
doppler corrections were computed (the ionosphere con- 
stants used during the Mariner Mars 1969 encounter are 
listed in the Appendix) and applied to Mariner VI and 
VII radio tracking data. This resulted in the recom- 
mended changes shown in Table 3, in which B * T is the 
component of the B vector (a vector from the center of 
the planet to the aiming point) in the ecliptic plane and 
B . R is the component perpendicular to B * T. 

The recommended changes listed in Table 3 were 
determined by differencing the results of (1) the DPODP 
solutions from in-flight data that had not been calibrated 
for the ionosphere effect and station location based on 
post-flight solutions from uncalibrated data vs (2) DPODP 
solutions from ionospherically calibrated data and sta- 
tion location based on post-flight calibrated data. These 
differences are not necessarily the actual ionospheric 
effect on the orbit determination, since the error intro- 
duced by the ionosphere into the in-flight data might be 
masked in part by the uncalibrated station location. 

For example, Fig. 1 shows that for Alariner V, the 
ionosphere caused an error that consistently increased 
the apparent station spin radius r,. It  is very likely 
that the ionosphere had a similar effect for Mariner Mars 
1969. Consequently, station locations based on uncali- 
brated Mariner V data would compensate in part for the 
ionospheric error in Alariner Mars 1969 data. 

The ionospheric effect was considerably lower than 
was anticipated. Although 1969 was a year of high iono- 
spheric concentrations due to solar flare activity, in the 
period when the calibration was performed, July 1 to 
August 5, 1969, the ionosphere was relatively inactive. 
'This Iosv activity was particularly noticeable in the 
sortthern hemisphere, \\?here the totaI coluinl~ar electron 
ionospheric content was typically less than half of the con- 
tent in the northern hemisphere. Because of the southerly 



Table 3. Recommended changes due to ionospheric 
effect, Mariner Mars 1969 mission 

Mariner V I I  

declination of the Alariner spacecraft, most of the radio 
tracking data were obtained from southern latitude sta- 
tions. Consequently, the smaller effect of the southern 
latitude ionosphere outweighed the effect in the northern 
latitude ionosphere and reduced the magnitude of the 
calibration for the entire net. 

IX. Conclusion and Recommendations 

The lack of a method for measuring charged-particle 
effects directly from the spacecraft signal for all DSN 

si-aiioris is an extuemelj~ unfortunate circumstance of the 
Aliuriner Mars I969 mission. The difficulty in obtaining 
measu~.erneats, the delays involved in receiving the data, 
and the error inherent in mapping measurements to the 
spacecraft ray path would all be eliminated if the ii8nritzer 
T7I and VII radio signals provided a charged-particle 
measurement. 

The extensive development required to produce the 
programs and procedures described in this' article, to- 
gether with the effort expended in contacting and nego- 
tiating with ionospheric scientific groups in Spain, South 
Africa, and Australia could be avoided if one or more 
of the charged-particle measuring techniques-dual fre- 
quency, planetary ranging, and Faraday rotation-are in- 
corporated in the design of the telecommunications flight 
and ground equipment in future missions. 
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Appendix 

The ionosphere constants used during the Maliner Mars 1969 encounter in co~nputing the range effect of the 
charged particles and mapping the effect to the desired ray path are listed in Table A-1. 

Table A-1 . Ionosphere constants 

Data source 

Sfanford Univ. 

ATS-1 Faraday rotation 

SYMCOM Ill Faraday rotation 

Range = E,K 1.6 X 108/(27r X frequency)' 

K = secant of zenith angle 
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The Troposphere 
V .  J. Ondrasik 

Before the Mariner Mars 1969 encounter, the Double approximately IS0, where most of the data was taken, 
Precision Orbit Determination Program was set up to try the model of Eq. (1) was not a particularly good fit to 
to eliminate the tropospheric range error by using the Fig. 1. He therefore recommended a new model, which 
model described in the expression1 is expressed as 

1.8958 Nj  
*" = (sin y + 0.06483)" 340.0 ' (1) 

2.6 
Aprr = 

N  j 
-. 

sin y + 0.015 340.0 ' 

40 

where y is the elevation angle and N j  is a recommended 
value of surface refractivity for each station. 36 

This equation was obtained by fitting a curve of the 32 

form 
28 

z 
A 0 

C 

Ap = g 24 

(sin y + B)c x 

$ 
20 

to the range errors of Fig. 1, which were obtained by ray 8 z 
tracing through the indicated refractivity profile. Figure 2 16 

shows the difference between the ray tracing errors and a" 
the model of Eq. (1). 12 

A few weeks before the Mariner Mars 1969 encounter, 8 

it was noted by Dan Cain2 that at elevation angles above 
4 

'Liu, A., "Recent Changes to the Tropospheric Refraction Model 
I Used in the Reduction of Radio Tracking Data From Deep Space 0 10 20 30 40 50 60 70 80 90 

Probes," in The Deep Spiice A7eticork, Space Progrti~ns Suiilmary I-LEVATION ANGLE, deg 
37-50, Vol. 11, pp. 93-97, Mar. 31, 1969. 

?Personal coi~~munication to D. Curkendall. Fig. 1. Tropospheric range errors 



The difference in the range error between this model 
and the ray-trace results is shown in Fig. 2. Clearly, the 
model of Eq. (2) is far superior to the model of Eq. (I) 
for elevation angles of more than approxiinatelp 12 deg. 
For this reason it was decided to use the new model of 
Eq. (2) and delete all data obtained when the elevation 
angle was less than 15 deg. This new model decreased 
the tropospheric correction to the estimate of the dis- 
tance of a station off the spin axis by about 0.6 m. 

To allow even better models of the range errors to he 
employed in a postfligiri analysis, surface and radiosonde 
balloon weather measurements were obtained from sites 
as close to the station as possible horn July 26 to 
August 12, 1969. This information should enable a better 
determination of the refractivity profile than the current 
model produces, with a correspondingly better estimate 
of the zenith range change and a mapping of this range 
error to other elevation angles. 

C 

y = ELEVATION ANGLE, deg 

2 '  

1 
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-2 

Fig. 2. Comparison of two tropospheric range 
correction models 
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